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ABSTRACT 

Detailed  measurements of t h e   a x i a l   v e l o c i t y   p r o f i l e   a n d  

e l e c t r o m a g n e t i c   s t r u c t u r e  of a h i g h  power,   quasi-steady MPD 
d i scha rge  are used  t o  formula te  a gasdynamic  model  of the 
acceleration p rocess .   Concep tua l ly   d iv id ing  the a c c e l e r a t e d  
plasma i n t o   a n   i n n e r   f l o w   a n d  a n  outer   f low,  it i s  found tha t  
more than   two- th i rds  of t h e  t o t a l  power i n   t h e  plasma i s  de- 
p o s i t e d   i n   t h e   i n n e r   f l o w ,   a c c e l e r a t i n g  it t o  an   exhaus t   ve loc-  
i t y  of 1 2 . 5  km/sec.  The outer  f low,  which is a c c e l e r a t e d  t o  a 
v e l o c i t y   o f   o n l y  6 . 2  km/sec,  appears t o  provide  a c u r r e n t  con- 
duc t ion   pa th   be tween  the   inner   f low  and   the   anode .  

Re la t ed   ca thode   s tud ie s   have  shown t h a t   t h e   c r i t i c a l  'ur- 
r e n t  f o r   t h e   o n s e t   o f   t e r m i n a l   v o l t a g e   f l u c t u a t i o n s ,   w h i c h  was 
r e c e n t l y  shown to  he a func t ion   of   the   ca thode   a rea ,   appears  
t o   r e a c h   a n   a s y m p t o t e   f o r   c a t h o d e s   o f   v e r y   l a r g e   s u r f a c e   a r e a .  
De ta i l ed  f loa t ing  potent ia l   measurements  show t h a t   t h e   f l u c t u a -  
t i o n s   a r e   c o n f i n e d  t o  the v ic in i ty   o f   t he   ca tnode   and   hence  re- 
f l e c t  a ca thode  e m i s s i o n  p r o c e s s   r a t h e r   t h a n  a fundamental l i m i t  
on MPD performance. 

A 45-cm w i d e   p a r a l l e l   p l a t e   c o n f i g u r a t i o n   p r o d u c e s  a two- 
d i m e n s i o n a l   d i s c h a r g e   w h i c h   r e p l i c a t e s   t h e   e s s e n t i a l   f e a t u r e s  
o f   t he   conven t iona l   t h ree -d imens iona l  MPD discharge.   Magnetic 
p r o b e   s t u d i e s  show t h a t   € o r  a t o t a l   c d r r e n t  of 65  kA, t h e  cu r -  
r e n t   d i s t r i b u t i o n  i s  u n i f o r m  !o b e t t e r   t h a n  10% a c r o s s   t h e  elltire 

electrode wid th   w i th  no ev idence  of  i n s t a ' o i l i t i e s .   u s i n g  a re- 
c e n t l y   c o n s t r u c t e d  r e s o n a n t  o p t i c a l   c a v i t y   w h i c h  w i l l  s t r a d d l e  
t h i s   c o n f i g u r a t i o n  ar,d a newly des igned   and   ca l ib ra t ed  mass f eed  
s y s t e m   c a p a b l e   o f   i n j e c t i n g  a u n i f o r m l y   d i s t r i b u t e d  mass flow of 
more than  10 g/sec   wi th  a risetime of   only 2 msec, t h i s   d e v i c e  
w i l l  be capab le   o f   de t e rmin ing   d i r ec t ly   whe the r   l a s ing   can  be 
o b t a i n e d   i n   t h e  MPD f l o w .  * I  
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t i o n s   h a v e  been measured   for   severa l   ho l low  cAthode   conf igura-  3 
t i o n s   u s i n g   a n   e x t e n d e d   c u r r e n t   p u l s e   o f  500 psec d u r a t i o n .  
For a ca thode   cav i ty   which   d iverges   wi th  a loo ha l f - ang le ,  
t h e   c h a r a c t e r i s t i c   f e a t u r e s   o f . t h e   d i s t r i b u t i o n s  are t h e  same 
as f o r   p r e v i o u s   c y l i n d r i c a l   h o l l o w   c a t h o d e s :  a s u r f a c e   c u r r e n t  
d e n s i t y   g r e a t e r   t h a n  1000 A/cm2 a t   t h e  downstream  end  of  the 
cavi ty   accompanied  by a  weak a x i a l   e l e c t r i c   f i e l d   o f  less than  
10 V/crn. For a c o n f i g u r a t i o n   w h e r e   t h e   c a v i t y   d i v e r g e s   a t  a 
45O h a l f - a n g l e ,  ' t h e   e q u i p o t e n t i a l   p l a t e a u   r e c e d e s   f u r t h e r  i n -  
s i d e   t h e   c a v i t y  nnd d r o p s   t o   o n l y  +4 v o l t s   w i t h   r e s p e c t   t o   t h e  
ca thode ,  as compared to   app rox ima te ly  +20 v o l t s   f o r   t h e   c y l i n -  
d r i c a l   c a t h o d e .  I n  a d d i t i o n ,   p r e l i m i n a r y   d a t a   i n d i c a t e   t h a t   t h e  
c u r r e n t   d e n s i t y   p e a k s   o n   t h e  45O f a c e   r a t h e r   t h a n   a t   t h e  down- 
s t ream  end  of   the  cavi ty .   Based on t h e   r e s u l t s   o f   t h e s e  and 
prevlous  tests, a c y l i n d r i c a l   h o l l o w   c a t h o d e   w i t h   r e f r a c t o r y  i n -  : 
sulhcion h a s   b e e n   s e l e c t e d   f o r  a  more d e t a i l e d  series Gf  diagnos- J I 
t i c  measurements. i 

Axial f l o a t i n g   p o t e n t i a l   a n d   e n c l o s e d   c u r r e n t   d i s t r i b u -  

J 
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I. INTRODUCTION 

, ' m r i n g  thj.s p a s t   s p r i n g ,  the Electric Propuls ion  Lab 

was moved from the F o r r e s t a l  Campus, approximately  four  miles 
o u t s i d e  of P r ince ton ,  t o  the Engineer ing  Quadrangle  on t h e  
main  campus. The move w a s  under taken  t o  f a c i l i t a t e  collabora-. 

t i o n  w i t h  s e v e r a l   r e l a t e d  research programs  already  housed i n  
the Quadrangle,  and t o  p rov ide  more accessible f a c i l i t i e s   f o r  
s t u d e n t   p a r t i c i p a t i o n   i n   i n d e p e n d e n t   r e s e a r c h   p r o g r a m s   d u r i n g  
the i r   unde rg radua te   yea r s . .  The r e l o c a t i o n  was t o t a l l y   f i n a n c e d  

by the Univers i ty ,   which   cont inues  t o  regard  the Princeton  pro-  
gram i n  electric p ropu l s ion  as one  of the p r i n c i p a l   v e h i c l e s  
for  undergraduate   and   graduate   research   educa t ior i   wi th in   the  

Engineering  School,   and  one of t h e   s e l e c t e d   a r e a s  of e n g i n e e r -  
i n g   r e s e a r c h   i n   w h i c h  it can  best s e r v e   t h e   n a t i o n a l   a e r o s p a c e  
needs.  The new l a b o r a t o r y  w a s  o f f i c i a l l y  opened  on  Tuesday, 
May 2 1  i n  a b r i e f  ceremony a t t ended   by   t he   P res iden t   o f   t he  
Un ive r s i ty ,   Y i l l i am Bowen, Mr. James Lazar  from NASA Headquarters ,  
and  approximately 50 members of t h e   E n g i n e e r i n g   f a c u l t y ,   s t a f f  
and   s tuden t s .   F igu re  1 shows M r .  L a z a r   t r i g q e r i n g   t h e   i n i t i a l  
p l a s m a   d i s c h a r g e   i n   t h e  new l a b o r a t o r y .  

During M r .  L a z a r ' s   v i s i t ,   t h e   v a r i o u s   p h a s e s   o f   t h e   l a b o r a -  
to ry   research   program w e r e  reviewed i n  d e t a i l .  A f t e r  d i s c u s s i n g  
the   on -go ing   s tud ie s   o f  power d e p o s i t i o n   i n t o   t h e  MPD anode  and 
t h e   i n s u l a t o r   a b l a t i o n  and  cathode  emission  problems,  the SUCJ- 

g e s t i o n  was made t h a t   t h e  MPD d i scha rge  work be b roadened   t o  
s e r v e  as a b a s i s   f o r   f u r t h e r   a r c   p h y s i c s   s t u d i e s .   A c c o r d i n g l y ,  
t h e  MPD e f f o r t  now encompasses  the Ph.D. programs  of   three  grad-  
ua t e   s tuden t s   and   t he   i ndependen t   r e sea rch   t op ic  of one  under- 
g r a d u a t e   s t u d e n t .  O f  t h e s e ,   t h e  Lvork on the a c c e l e r a t i o n  mechan- 
i s m s  i n   a n  MPD d i s c h a r g e  f ree  of ab la ted   Spec ies ,   and  two a s p e c t s  
of t h e   s t u d y   o f  the ca thode ,emi?s ion   processes  are reviewed i n  
th i s   s emi -annua l   r epor t .  
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FIRST FIRING OF DISCHARGE APPARATUS BY 
J. LAZAR,  NASA HEADQUARTERS 

FIGURE I 
AP25.P.539 
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The  plasmadynamic  laser  program is  an example of the de- 
velopment of a ne\* avenue of research  from  a  more  general  ,tudy 
of th.e  physics of high  current MPD discharges.  Earlier  measure- 
ments of the  radiation  environment  in  the  discharge  revealed 
several  levels or' ionization  in  the  expanding  exhaust  flow. 
Use of Gperating  conditions  where  this  radiation  'is  optimized 
gives  rise to the  possibility of high  power  lasing  in  the 
visible  and  u.ltraviolet. Of the  two Ph.D. programs  in  this 
topical  area, one is centered  on  the  examination of the  optical 
depth of selected  argon  ion  and  neutral  lines  in  the  exhaust 
of the  conventional  three-dimensional  discharge  geometry. The 
second  program  examines  the  gain of selected  lines  directly by 
using  an  optical  cavity in conjunction  with  a  unique  two-dimen- 
sional  plasma  accelerator  geometry.  This  latter program-has 
progressed  rapidly  and  will be described  in  de'tai.1. In addition 
and et the  sponsor's  request,  techn.ica1  contact  in  this  area  has 
been  initiated  with F. C. Schwenk  and K. Thom of NASA Headquarters. 

The  program to determine  the  physics of hollow  cathode  opera- 
tion  has  compiete5  its  first  phase.  This  work,  which  is  reviewed 
herein, has exanined  various  hollow  cathode  geometries  and  the 
extent  to  which  they  infl'uence  the  current  distribution  within 
the  cavity  and  the  equipotential  profile  along  the  cathode  center- 
line.  Based on these  results,  a  cathode  has  been  selected  with I 
which  to  begin  a  series of more  detailed  measurements of the  plasma 
properties  within  the  cavity. I i 

\ 



- 4 -  

I I. LABORATORY RELOCATION 

Following the recent move, the Electric Propuls ion  Labora- 
t o r y  is  now loca ted   on  the main campus i n  the Engineering  Quad- 
r a n g l e ,  shown i n  Fig.  2 .  Th i s   bu i ld ing   houses   t he   c l a s s rooms ,  
e x p e r i m e n t a l   a n d   s u p p o r t   f a c i l i t i e s   f o r   t h e  Electrical Engineer- 
i ng ,  Chemical Engineering,  Civil   Engineering,  and  Aerospace  and 
Mechanical  Sciences  Departments,  as w e l l  as s e v e r a l   i n t e r d i s -  
c ip l ina ry   p rcg rams   i n   ene rgy   conve r s ion ,   b ioeng inee r ing ,   env i ron -  
m e n t a l   s t u d i e s   a n d   t r a n s p o r t a t i o n .  

The move prcved t o  be an  advantageous t i m e  t o  r e d e s i g n , t h e  
l a b o r a t o r y   l a y o u t   f o r  optimum s e r v i c e   o f   t h e   p r e s e n t   a n d   f u t u r e  
needs   and   fo r   i nco rpora t ing   s eve ra l   mod i f i ca t ions   and  improve- 
ments t o  t h e   e x i s t i n g   d i s c h a r g e   e q u i p m e n t .   F i g u r e s  3 ,  4 and 5 

i 

show t h r e e   v i e w s   o f   t h e  new labora tory   a r rangement .  As can be 
s e e n ,   l a r g e   a r e a s  are now ava i l ab le   a round   each   pach ine   fo r  
improved a c c e s s i b i l i t y   a n d   s p e c i a l i z e d   d i a g n o s t i c   e q u i p m e n t .  
I n   a d d i t i o n ,   s u f f i c i e n t   f l e x i b i l i t y   h a s   b e e n   b u i l t   i n  t o  allow 
r epos i t i on ing   each   mach ine   w i th in  i t s  a r e a   f o r   s p e c i a l  tests 

or  d i s c h a r g e   c o n f i g u r a t i o n s .  The pho tos   a l so  show a n   o p t i c s  
room c7nnected t o  the  main  lab  and a confe rence   a r ea ,  t w c  

f e a t u r e s   t h a t  w e r e  n o t   p r e s e n t  i n  t h e   p r e v i o u s   l a b o r a t o r y  
arrangement  due t o  s p a c e   l i m i t a t i o n s .  Not shown b u t  i m m e d i a t e -  

l y   a d j o i n i n g   t h e   o p t i c s  room i s  a photograFhic   dark room. 

! All o f   t h e   c a p a c i t o r  power s u p p l i e s   a r e   l o c a t e d   o n   t h e  
f l o o r   b e l o w   t h e   l a b o r a t o r y   w i t h   t h e   c o n n e c t i o n  t c  t h e   d i s -  
charge   devices   p rovided   by   bundles   o f   coaxia l   cab le  (RG 8 / U ) .  

F igu re  6 shows t h e  t w o  p r i n c i p a l   c a p a c i t o r   b a n k s .  The  bank 
o n   t h e   l e f t   p r o v i d e s   c u r r e n t q  from 1 t o  2 0  kA f o r   h o l l o w   c a t h -  
ode   expe r imen t s ,   and '   t he   bank   on   t he   r i gh t   supp l i e s   up  t o  
1 2 0  k A  f o r  MPD d i s c h a r g e s   a s s o c i a t e d   w i t h . e i t h e r   p r o p u l s i o n ,   a r c  

2 ,  

I 
i 
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physics or plasmadynamic laser studies. Both  capacitor banks 
and  all.experimenta1 facilities in the main lab are  now f u l l y  
operational following this relocation. 
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111. -QUASI-STEADY MPD DISCHARGE 

A. plasma Acceleration Processes   (Boyle)  

I n   o r d e r  t o  de termine  the maximum .per formance   czpabi l i ty  

of the MPD accelerator, it i s  necessary  to  unders tand  com- 
p l e t e ly  the  plasma a c c e l e r a t i o n  mechanisms  within the d ischarge .  
However, previous  semi-annual   repor . ts   have shown tha t  the e f -  
fects of i n s u l a t o r  a b l a t i o n   a n d   c a t h o d e   s u r f a c e  area can  great- 
l y  a l te r  arc behav io r   and   t hus   obscu re  this e v a l u a t i o n .  151,155 

With t h e s e  effects reduced t o  a minimum, it i s  now p o s s i b l e  t o  
p r o c e e d   s y s t e m a t i c a l l y   t o w a r d   a c q u i r i n g   t h i s   u n d e r s t a n d i n g .  

I n   p r i n c i p l e ,  the  t o t a l  v e l o c i t y   v e c t o r   f i e l d ,   a n d   t h u s  
the  a c c e l e r a t i o n   p a t t e r n ,   o f  t he  MPI) dev ice  may be determined 
by the s i m u l t a n e o u s   s o l u t i o n   o f   t h e  mass, momentum and  energy 
c o n s e r v a t i o n   e q u a t i o n s   f o r   g i v e n   i n i t i a l   a n d   b o u n d a r y   c o n d i t i o n s .  
The e l e c t r o m a g n e t i c   v a r i a b l e s   r e s p o n s i b l e   f o r  the  Lorentz  body 
force i n  the  momentum equat ion  and the  J o u l e   h e a t i n g  term i n  
the energy   equat ion   mus t  be c o n s i s t e n t  w i t h  Maxwel l ' s   equa t ions .  
I n   a d d i t i o n ,  a g e n e r a l i z e d  O h m ' s  law which   descr ibes   the   coupl ing  
be tween   t he   e l ec t romagne t i c   and   gasdynamic   va r i ab le s   mus t  be 
prescribed. An appropr i a t e   equa t ion .  of s t a t e  and   express ions  
f o r  the  plasma t r a n s p o r t   p r o p e r t i e s   i n c l u d i n g  a plasma corl- 

d u c t i v i t y  l a w  a re  r e q u i r e d   t o   c o m p l e t e  the  se t .  I n   p r a c t i c e  
the c o u p l e d   n o n l i n e a r   n a t u r e  of t h e   g o v e r n i n g   p a r t i a l   d i f f e r -  
e n t i a l   e q u a t i o n s   p r e s e n t s  a problcn; o~f  extreme  mathematical  
comptexi ty .  

By c o n t r a s t ,   t h e   q u a s i - s t e a d y  plasma acce le ra t ion   p rob lem 
becomes more tractable when d i s c u s s e d   i n  a s en i - empi r i ca l  
manner. I n  th is  s e c t i o n   t h e   m e a s u r e d   e x h a u s t   v e l c c i t y   p r o f i l e  
and the e l e c t r o m a g n e t i c   d i s c h a r q e   s t r u c t u r e  are p r e s e n t e d   f o r  
a n  a c c e l e r a t o r   o p e r a t i n g  a t  an arc c u r r e n t  of 1 5 . 3  kA and  an 

I 
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a rgon  mass flow o f  6 g/sec. These   da ta  are combined i n  a 
quasi-phenomenological  model of the a c c e l e r a t i o n   p r o c e s s   a n d  
f i n a l l y   d i s c u s s e d   i n   r e l a t i o n  t o  the fundamen ta l   capab i l i t y  
of the quas i - s tendy accelerator. 

Exper imenta l   Condi t ions  

The plasma a c c e l e r a t i o n   p r o c e s s  may be s t u d i e d  for any 
des i r ed   combina t ion  of arcjet  parameters  so long as the 

accelerator o p e r a t i o n  is  uninf luenced  by a b l a t i o n  o r  ca thode  
s u r f a c e   a r e a   e f f e c t s .   T h e r e  i s  p a r t i c u l a r   i n t e r e s t ,   h o w e v e r ,  
i n  examining the e x h a u s t   v e l o c i t y   p r o f i l e  of t h e   q u a s i - s t e a d y  
accelerator f o r   o p e r a t i n g   c o n d i t i o n s   s u c h  t h a t  the parameter  
J / f i t  the arc c u r r e n t   s q u a r e d   d i v i d e d   b y   t h e   a r g o n   p r o p e l l a n t  
mass flow ra te ,  equals   approximate ly  40 kA2-sec/g. C l a i m s  

have   been  made p r e v i o u s l y   t h a t  the a c c e l e r a t i o n  mechanisms are 
fundamental ly  l i m i t e d  a t  these c o n d i t i o n s  A-1 Furthermore , re- 
s u l t s  i n  tht; l a s t  s e m i - a n n u a l   r e p o r t   i n d i c a t e   t h a t   a r c j e t  
o p e r a t i o n   f r e e  f r o m   ( b o r o n   n i t r i d e   i n s u l a t o r )   a b l a t i o n  is  re- 
s t r i c t e d   t o  J /fi less t h a n   o r   e q u a l  t o  40 ;;A2-sec/g. 

2 

2 

This c o n d i t i o n  i s  r e a l i z e d   e x p e r i m e n t a l l y  w i t h  a n  a r c  
c u r r e n t  OL 15.3 and a t o t a l   a r g o n  mass  flow r a t e   o f  6 g/sec.  
The  mass i n j e c t i o n   c o n f i g u r a t i o n   e q u a l l y   d i v i d e s   t h e   t o t a l  
p r o p e l l a n t  flow b e t w e e n   i n n e r   a n d   o u t e r   i n j e c t i o n   o r i f i c e s .  
Three g r a m s   p e r   s e c o n d   a r e   i n j e c t e d   d i r e c t l y   a b o u t   t h e   c a t h o d e  
th rough   an   i nne r   ca thode  base a)-.nulus.  The  remaining 3 g/sec 
e n t e r   t h e   d i s c h a r g e  chamber  through  twelve 0 .32  c m  h o l e s  sym- 
n i e t r i c a l l y   d i s t r i b u t e d   a b o u t   t h e  3.81 cm r a d i u s .  

To p reven t   vo l t age   f l uc tua t ionz ;  a c a t h o d e   a r e a   g r e a t e r  
t h a n  20 c m 2  i s  r e q u i r e d  f o r   . t h i s   c o m b i n a t i o n  of a r c   c u r r e n t  and 
mass flow. 155 A t h o r i a t e d   t u n g s t e n   c a t h o d e  1.91 cm i n  d iameter ,  
7.62 c m  i n   l e n g t h ,   w i t h  a 2.54 c m  c o n i c a l   t i p ' p r o v i d e s   s u f f i c i e n t  
e l e c t r o d e   a r e a  ( ~ 4 1  c m  ) t o   i n s u r e   s t a b l e   a r c j e t   o p e r a t i o n .  
The t e r m i n a l  arc v o l t a g e   f o r   t h i s   c o n f i g u r a t i o n   e q u a l s  115 
v o l t s .   T y p i c a l   c u r r e n t   a n d   v o l t a g e   s i g n a t u r e s  a t  these C O T - .  

d i t i o n s  are shown i n   F i g .  7 .  

2 

! 
I 
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ARC CURREKT AND VOLTAGE SIGNATURES 

FlGURE 7 
AP25-P.526 



. .  . . ... . . . . .. . .. .. . .- - L.-."_" . . ~  _. 

- 14 - 

Axial Velocity  Profile 

The  axial  velocity  profile  measured  using  the time-of- 
flight  probe  technique on the  accelerator's  centerline  is 
presented in Fig. 8 .  The axial  distance z is  measured 
downstream  from the  anode plane.  Velocity  measurements 
within  the  discharge  chamber  were  precluded  due  to  the  lack of 
discernable  ion  density  fluctuations  required by the time-of- 
flight  technique. The plasma  leaves  the  discharge  chamber at 
a velocity  less than 9.0 km/sec. Final  exhaust  velocities of 
12.5 km/sec are  observed  several  anode  orifice  diameters  down- 
str2am.  This  final  exhaust  velocity  exceeds by nearly 50% the 
Alfvgn  critical  speed of 8.7 km/sec  for argon,  previously  sug- 
gested  as  the  upper  limit  to  which  propellant  may be accelera- 
ted by  a quasi-steady MPD arc  operating at these  conditicns. 

Electromagnetic ~"".. ._""_I Structure of the MKE Discharqe 

The  exhaust  velocity  profile  results  primarily  from  the 
combined  action of electromagnetic  body  forces  upon  the  accel- 
erated  propellant  mass.  The  magnitude  and  direction of the 
electromagnetic  body  forces  may be ascertained  from  measured 
distributions of current  density  and  magnetic field,  In this 
way  the  local  acceleration  processes  may  be  related  to  the 
local 7 x distribution.  Alternatively,  the  plasma  accelera- 
ti-on  process  may be  viewed  as the  conversion of some  portion 
of the  electrical  input  power (:-E) ipto  directed  motion of the 
propellant.  Evaluation of the  local j"E power  deposition  within 
the  arc  discharge  requires  knowledge of the  electric  fields  as 
well  as  the  current  density  distribution.  Frcm  these  distribu- 
tions of magnetic  field,  current  density  and  electric  field,  a 
qualitative  model of the  quasi-steady  acceleration  mechanisms 
will  emerge. 
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Because the arc  discharge is  c y l i n d r i c a l l y  symmetric, the 
induced self m a g n e t i c   f i e l d  (B) is azimuthal .  The B f ie ld  
d i s t r i b u t i o n  is  determined from axial  a n d   r a d i a l   i n d u c t i o n  

coil  surveys. Azimuthal probe surveys for s e l e c t e d   r a d i a l  
locations w i t h i n  the d i scha rge   conf i rm the presumed  cyl in-  
dr ical  symmetry of the magnetic f ie ld .  The  magnetic f ie ld  

d i s t r i b u t i o n  stabil izes i n  t w o  characteristic times. Approxi- 
mately 200 p s e c  af ter  d i s c h a r g e   i n i t i a t i o n ,  the magnetic f ie ld  
w i t h i n   t h e   d i s c h a r g e  chamber assumes a q u a s i - s t e a d y   d i s t r i b u t i o n .  
A t  a somewhat l a t e r  time, approximately 450 p s e c   i n t o  the 

1000 p s e c   c u r r e n t   p u l s e ,  a quas i - s t eady   d i s t r ibu t ion   t h roughou t  
the e n t i r e  flow f i e l d  i s  achieved.  This quas i - s t eady   d i s t r ibu -  
t i o n ,   p r e s e n t e d   i n   F i g .  9 ,  i s  m a i n t a i n e d   f o r  the d u r a t i o n  of 
the c u r r e n t   p u l s e .   I n  t h i s  f i g u r e ,   l i n e s   o f   c o n s t a n t   m a g n e t i c  
i n d u c t i o n  are superimposed  upon a schemat ic   o f  the a c c e l e r a t o r  
chamber. 

The q u a s i - s t e a d y   c u r r e n t   d i s t r i b u t i o n  i s  d e r i v e d   d i r e c t l y  
from the   magnet ic   f ie ld   da ta   employing   Ampere ' s  l a w  and   t he  
azimuthal   symmetry  of   the  discharge.  The r e s u l t i n g   d i s t r i b u t i o n  
o f   e n c l o s e d   c u r r e n t   f o r  the t o t a l  d i s c h a r g e   c u r r e n t  o f  1 5 . 3  kA 
is  i l l u s t r a t e d   i n   F i g .  10. Each c u r r e n t   c o n t o u r   r e p r e s e n t s  a 
c u r r e n t   s t r e a m l i n e   a n d  i s  l a b e l l e d   w i t h   t h e  amount of c u r r e n t  
in   k i loamperes   which  f l o w s  downstream of it. The  magnitude  of 
t h e  local  c u r r e n t   d e n s i t y   v e c t o r  may be est . imated  by  dividing 
the   cu r ren t   be tween  t w o  ad jace l l t   cur ren t   contours   by   the   normal  
area through  which it f l o w s ,  

A s i g n i f i c a n t   f r a c t i o n  of t h e  tcjtal a r c  c u r r e n t   f l o w s   i n  
t h e   r e g i o n   e x t e r i o r  t o  the discharge  chamber.  The c u r r e n t  
s t r e a m l i n e s   w i t h i n  the a c c e l e r a t o r  chamber  emerge from t h e   c a t h -  
ode w i t h  a d e n s i t y   d i s t r i b u t i o n   p e a k e d  a t  bo th   ends  of t h e  cath- 
ode as shown i n   F i g .  11. The c u r r e n t   c o n t o u r s   t h e n   b e n d   a x i a l l y  
downstream b e f o r e   t u r n i n g   r a d i a l l y   t o w a r d   t h e   a n o d e .  Anode cur- 
r e n t   a t t a c h m e n t   c o n c e n t r a t e s  aboat t h e   l i p   r e g i o n  of the   anode .  
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' t!; O u t s i d e  the discharge chamber n e a r l y   f i f t y   p e r c e n t  of the 
j-: t o t a l  arc c u r r e n t  bil lows f a r  downstream i n  the exhaus t  plume 
1 
t: 

i: anode barrel. The c u r r e n t  d e n s i t y   v e c t o r   w i t h i n   s e v e r a l   c e n t i -  
F meters of the accelerator's c e n t e r l i n e   i n  this exhaus t   r eg ion  

.. . . 
before r e t u r n i n g   a n d   a t t a c h i n g   o n  the o u t e r   s u r f a c e s  Of the I 

i .  

Y e is p r i m a r i l y   a x i a l .  This c u r r e n t  d e n s i t y   p a t t e r n  is charac-  
L t e r i s t i c   o f  the moderate   magnet ic  Reynolds number, O(1-lo), 

' I ;  a s s c c i a t e d  w i t h  the dj scharge  f l o w .  
I i The local electric f i e l d s ,   w h i c h   i n t e g r a t e  t o  the t e rmina l  
i arc v o l t a g e ,  arise as a r s su l t   o f   cu r re1 . t   conduc t ion  across t h e  

j t i o n   p r o c e s s e s   a c r o s s  the e l ec t rode -p la sma   i n t e r f ace  also c r e a t e  
Slowing, f i n i t e   c o n d u c t i v i t y  discharge plasma.  Current  conduc- 

p o t e n t i a l   g r a d i e n t s  commonly r e f e r r e d  t o  as  e l e c t r o d e   f a l l s .  

The local e lectr ic  f i e l d   e q u a l s   t h e   g r a d i e n t   i n   p l a s m a  
p o t e n t i a l   w h i c h ,   i n   t u r n ,  i s  r e l a t e d  t o  t h e   e x p e r i m e n t a l l y  
measu rab le   f l oa t ing   po ten t i a l .   Fo r  small d i s t ancos   ove r  which 
t h e   g r a d i e n t s   i n   e l e c t r o n   t e m p e r a t u r e ,   f l o w   v e c t o r ,   a n d  col- 
i i s i o n   f r e q u e n c i e s  are n e g l i g i b l e ,   t h e  e lectr ic  f i e l d  may be 

e v a l u . A t e d   f r o m   t h e   d i f f e r e n c e   i n   f l o a t l n g   p o t e n t i a l .  The quas i -  
s t e z d y   d i s t r i b u t i o n   o f   f l o a t i n g   p o t e n t i a l   c o n t o u r s  i s  shown i n  
F ig .  12. The ca thode  i s  a t  115 v o l t s   n e g a t i v e  w i t h  r e s p e c t  t o  
the  cnode  ground.  The l a b e l l e d   e q u i p o t e n t i a l   c o n t o u r s   a r e  a l so  
negat.i-;e w i t h  r e s p e c t  t o  t h e   g r o u n d ,   t h e   n e g a t i v e   s i g n s   b e i n g  
omitted from Fig .  12 €or convenience.  The 2 0  and 90 v o l t  con- 
tou r s   enve lope   t he   anode   and   ca thode   r eg ions   r e spec t ive ly .  The 
e q u i p o t e n t i a l   c o n t o u r s  i n  t h e  ou ter  r a d i a l   r e g i o n s  ;E the down- 
s t r e a m   e x h a u s t   a r e   a p p r o x i m a t e l y   p a r a l l e l  t o  the c u r r e n t  stream- 
l i n e s .  

E v a l u a t i o n   o f .  the t o t a l   a r c  j e t  power d i s t r i b u t i o n   t h r o u g h -  
o u t  the MPD accelerator requires l o c a l   e v a l u a t i o n  of j.~, the 
d o t  produc::  between the   cu ' r ren t   der l s i ty   and  e lec t r ic  f i e l d  vet- 

tors. For th is  p u r p o s e ,   t h e   a c c e l e r a t o r  may be sub-divided jn- 

to  S e v e r a l   s e p a r a t e   r e g i o n s ,  A through  F, as is done i n   F i g .  13. 
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These reg ions ,   exc lud ing  the e l e c t r o d e   f a l l   r e g i o n s  E and F, 

are f u r t h e r   d i v i d e d   i n t o   i n c r e m e n t a l  volume  elements  in  which 
ave rage   va lues   fo r  the magni tude   and   d i rec t ion  of the 7 and E 
v e c t o r s  are as s igned .  The product  of local  power dens i ty   and  
incremental   volume  element when summed o v e r  each reg ion   r ep re -  
sen.. 5 the to t a l  electrical  power d e p o s i t e d   i n   t h a t  region. 
This r e g i o n a l  power d e p o s i t i o n  is  summarized i n  Table I. A t  

15.3 kA and 6 g/sec the t o t a l  arc power is  1.76 megawatts. 

Table I 
L." ..- - "" - . __ . - -. . - "- - . - - . - . . I . 

Region (?-E) (vo l )  , w a t t s  Reg ion   desc r ip t ion  
1" 

, . . . . . . . 

A 

B 

C 

6.1 x 10 

2.5 x 10 

2.0 x 10 

5 

5 
4 

inner  chamber  f low 
o u t e r  chamber f3 ow 
inne r   exhaus t   f l ow 

D 

E 4.4 x 10 

F 4.4 x 10 

"" ou te r   exhaus t   f l ow 
5 
5 

anode f a l l  
c a t h o d e   f a l l  - 

Total  A r c  P o w e r  1 .76 x lou - -."-"" "-.- - . - 

To f i rs t  o r d e r ,  no  power a d d i t i o n   a p p e a r s   i n   r e g i o n  I3 o f  
the d i s c h a r g e   b e c a u s e   t h e   e l e c t r i c   f i e l d  is  pe rpend icu la r  t o  
t h e   c u r r e n t   d e n s i t y   v e c t o r ,   t h e r e b y  making 7-E zero   th roughout  
t h e  volume. The power l o s t   t o   t h e   a n o d e   i n   r e g i o n  E is  e s t ima ted  
from r e c e n t  work r e l a t i n g  anode  power f r a c t i o n   t o  t o t a l  arc power 
i n  the quas i - s t eady  MPD d i scha rge .  156 For J 2 /fn = 40 kA2-sez/g, 
these r e s u l t s   e x t r a p o l a t e  to a n  anode power f r a c t i o n  of 25%; i .e.  

25% of the t o t a l   a r c  power or  4.4 x lo5 w a t t s  is  accoun ted   fo r  
b y  loss mechanisms i n   t h e   v i c i n i t y   o f   t h e   a n o d e .  With the  anode 
f a l l  and  bulk  plasma  flow  regions  accounted for ,  the   remain ing  
i n p u t  power  must  appear i n   t h e   c a t h o d e   f a l l   r e g i o n  F t o  provide  
a n   o v e r a l l  power b a l a n c e   o f   t h e   a r c .  

1 
I 
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The d i s t r i b u t i o n  of l o c a l  power d e p o s i t i o n  for  the MPD 

accelerator o p e r a t i n g  a t  15.3 kA and 6 g/sec may now be 
summarized:  Approximately f i f t y   p e r c e n t   o f  the t o t a l  arc power 
is i n v e s t e d  i n  the plasma  flow which occupies  regions A, B, 
and C i n  Fig.  13. The major power a d d i t i o n  t o  the plasma f l o w  
occurs w i t h i n  the d i s c h a r g e  chamber, w i t h   n e g l i g i b l e  power 
a d d i t i o n   e n s u i n g  i n  the downstream  exhaust. The remaining 

f i f t y   p e r c e n t  of the to t a l  power appears  i n  the e l e c t r o d e   f a l l  
r e g i o n s   o f  the d i scha rge .  

" Flow F i e l d  Characteristics of the MPD Discha.we 

The f l o w  p a t t e r n   i n  the exhaus t   o f  the accelerator is  
determir ,ed  f rom  veloci ty   vector   measurements   using the double  
probe. 85 The mass s t r e a m l i n e s   c o n s t r u c t e d  from t h e s e  locdl 
f l o w  a n g l e s  p a r a l l e l  the c u r r e n t   s t r e a m l i n e s   i n  the i n n e r  ex- 
hadst r e g i o n  C d e p i c t e d   i n   F i g .  13.  Precise f l o w  v e c t o r  measure- 
ments i n  the o u t e r   e x h a u s t   r e g i o n  D are d i f f i c u l t  t o  ob ta in   due  
t o  a d e c r e a s e   i n   t h e   p r o b e ' s   s e n s i t i v i t y  t o  t h e   f l   o r i e n t a t i o n .  
Despi te  th i s  d e c r e a s e d   a c c u r a c y ,   f l o w   v e c t o r s   n o t   p a r a l l e l  t o  t h e  
c u r r e n t   s t r e a m l i n e s  are i d e n t i f i e d .  The mass s t r e a m l i n e s   s p p c a r  
t o  d i v e r g e  more r a p i d l y   t h a n   t h e   c u r r e n t   s t r e a m l i n e s   i n  the o u t e r  
exhaus t   reg ion .  

The f l o w   i n   r e g i o n  C o E  the exhaus t  is  supe r son ic .  Bow 
shocks are pho tographed   o f f   t he   hemisphe r i ca l   t i p s  of r o d s   i n t r o -  
duced i n t o  t h i s  inne r   f l ow  seve ra l  c e n t i m e t e r s  downstream of the 

anode o r i f i c e .   O b l i q u e   s h o c k s   a t t a c h e d  C-o wedges of d i f f e r e n t  
t u r n i n g   a n g l e s  are a l s o   o b s e r v e d .  A s  t h e s e  wedges are moved 
ax ia l ly   i nward   t owards  the anode  plane,  the obl ique shock  angles  
i n c r e a s e   i n d i c a t i v e  of lower i n c i d e n t  f l o w  Mach numbers. F i n a l l y  
no  shocks are s e e n   i n   t h e   v i c i n i t y  of the  anode or i f ice  i n d i c a t i n g  
near s o n i c   c o n d i t i o n s  there. 
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Insuf f ic ien t   knowledge   of   the   shocked   p lasma 's   thermo-  
dynamic state p rec ludes   exac t  Mach number c a l c u l a t i o n s   f r o m  
the   shock   angle   da ta .  However, t h e   o b l i q u e   s h o c k - r e l a t i o n s  
f o r  a p e r f e c t   g a s  w i t h  an a p p r o p r i a t e   r a t i o   o f   s p e c i f i c   h e a t s  
provide  a f i r s t   o r d e r   e s t i m a t e .  A-2 Using t h i s  method,  the 
flow Mach number seven centimeters downstream of the anode 
o r i f i c e  i s  e s t i m a t e d  between two  and t h r e e .  

Pho tographs   t h rough   na r row  band-   spec t r a l   f i l t e r s   d i sp l ay  
the l u m i n o s i t y   p a t t e r n s  of the   d i scharge .   Spec t rograms of t h e  
d i s c h a r g e   r e v e a l   s i n g l y   i o n i z e d   a r g o n  ( A - 1 1 )  as the  predominant  
s p e c i e s .  Argon I1 l i n e   r a d i a t i o n  i n  t h e  downstream  exhaust 
e x t e n d s   t o   r a d i i   b e y o n d   t h e   a n o d e   S a r r e l   o f   t h e   a c c e l e r a t o r  
a l t h o u g h   t h e   s p e c t r a l   i n t e n s i t y   m o n o t o n i c a l l y   d e c r e a s e s   w i t h  
r a d i u s .   R e f e r r i n g   a g a i n   t o   F i g .  13, the   predominant   argon 
I1 radiat ion  photographed  thrcmgh a 4830 A f i l t e r  i s  conf ined  
t o   t h e  i n n e r  f low  reg ions  A and C. The ou te r   edge   o f   t he  A - I 1  

l uminos i ty  i n  r e g i o n  C: c o i n c i d e s   w i t h  a  mass s t r eaml ine   p rc -  
v,ouSly  defined by t \e   ve loc i ty   voc tor   measurements .  The cor-  
respondence among t h e  4880 A A-11  luminosi ty   boundary,   the   mass  
s t reaml ine   and   the   demarca t ion  of t h e  A-C ar.d B-D f low  reg ions  
i s  i l l u s t r a t e d  i n  F ig .  14. 

0 

0 

The remain ing   reg ions   o f   the   d i scharge ,  B and D, a r e  
e s s e n t i a l l y   d a r k ,   e x c e p t   f o r  a s m a l l   t o r o i d a l  volume l o c a t e d  
in   t he   anode   p l ane   be tween   t he   anode   l i p   and   r eg ion  A .  

Quasi-Stecdy MPD Accelerat_ion  Processes  

Having   d i scussed   the   per t inent   e lec t romagnet ic   and  f l o w  
f i e l d   c h a r a c t e r i s t i c s  of t h e  MPD d i scha rge ,  a  model of t h e  
a c c e l e r a t i o n  mechanisms  responsible  for  the  measured  plasma 
v e l o c i t y   p r o f i l e  may be c o n s t r u c t e d .  A comple t e   desc r ip t ion  
o f   t he   f l ow  p rocesses  would r e q u i r e   a d d i t i o n a l   p r o f i l e s  of 

. . . . . . . .  
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number d e n s i t y ,   i o n   a n d  e l ec t ron  t empera tu res ,   and   p re s su re  
throughout  the d i s c h a r g e .   F o r   t h i s  arcjet  c o n f i g u r a t i o n ,  
t h e s e   p r o f i l e s  have n o t  yet been  determined. However, 
reasonable  estimates of these variables based  upon  previous 
measurements f o r  other c o n f i g u r a t i o n s   c a n  be made. T h i s  
allows a phenomenological model- of the p la sma   acce le ra t ion  
process  to bc formulated.  

Two-Plow Plasma  Accelerat ion Model 

The t o t a l  i n j e c t e d   a r g o n   p r o p e l l a n t  i s  d i v i d e d  i n t o  two 
independent mass f l o w s  a s s o c i a t e d  w i t h  charriber i n j e c t i o n  a t  
large an,d small r a d i i .  The loca l  power d e p o s i t i o n   a n d  lum- 
i n o s i t y  p r o f i l e s   i n   r e g i o n s  A and B of the discharge  chamber 
s u g g e s t   t h i s  f l o w  d i v i s i o n  i s  e s s e n t i a l l y   m a i n t a i n e d  as t h e  
t w o  f lows a re  a c c e l e r a t e d   a x i a l l y  downstream o u t  of t h e  cham- 
ber a n d   i n t o  the exhaus t   r eg ions .  The p l a sma   acce le ra t ion  
process  w i l l  t h u s  be modelled i n  terms o f  t w o  s e p a r a t e   i n n e r  
a n d   o u t e r   p r o p e l l a n t  f l o w s ,  s c h e m a t i c a l l y   i l l u s t r a t e d   i n   F i g .  
'15. 

I n n e r   a n d   o u t d r   f l o w   s e p a r a t i o n  i s  c o n s i s t e n t  w i t h  t h e  ob- 
s e r v 2 d   e l e c t r o m a g n e t i c   d i s c h a r g e   s t r u c t u r e   w i t h i n  the accelerator 
charriber. I n   p a r t i c u l a r ,   t h e r e   a r e   s u b s t a n t i a l   d i f f e r e n c e s  
be tween   t he   ax ia l  power d e p o s i t i o n   p r o f i l e s   f o r   t h e  t w o  f low 
reg ions .   F igu re  16  compares  the  incremental  power a d d i t i o n  
t o  each  f low a s  a func t ion   of   ax ia l   d i s tance   downst ream  f rom 
t h e i r   r e s p e c t i v e   i n j e c t i o n   o r i f i c e s .   A p p r o x i m a t e l y  180 kW are 
d e p o s i t e d   i m m e d i a t e l y   i n  tk? inner   f low as  i t  emerges from t h e  
cathode base i n j e c t i o n   a n n u l u s .   T h i s  power l e v e l  i s  commen- 
s u r a t e   w i t h   c o m p l e t e   s i n g l e   i o n i z a t i o n  of the  i n j e c t e d  3 g/sec 
a rgon ,   Once   ion ized ,   the   p reva i l ing  3 x 'i body f o r c e s   t e n d  
t o  c o n f i n e   r a d i a l l y   a n d  accelerate a x i a l l y   t h e   i n n e r  f l o w .  
Only a f t e r  l eav ing   t he   d i scha rge   chamber   does   t he   i nne r  f l o w  
expand   r ad ia l ly .  

! 
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I n   c o n t r a s t ,   n e g l i g i b l e   i n p u t  power a p p e a r s   i n   t h e   o u t e r  
flow upstream of t h e   a n o d e   l i p   r e g i o n .  A t o t a l  of only  27 kW 
is d e p o s i t e d   i n  th i s  region.  Thus,  it may be i n f e r r e d  tha t  
on ly  a small f r a c t i o n  of t h e  3 g/sec o u t e r  mass f low rate  is 
ionized   ups t ream  of   the   anode .   This  is a l s o   c o n s i s t e n t   w i t h  
the absence of i o n i z e d   a r g o n   l i n e   r a d i a t i o n   i n  t h i s  r eg ion  of 
the d i s c h a r g e .   I n   a d d i t i o n   t h e  local c u r r e n t   d e n s i t y   a n d  mag- 
n e t i c   f i e l d  are s u b s t a n t i a l l y  lower i n  t h i s   r e g i o n .  As a con- 
sequence   of   the  weak local Lorentz  forces, t h e   i n i t i a l  a x i a l  
flow d i r e c t i o n  of the o u t e r   p r o p e l l a n t  stream w i l l  be on ly  
s l i g h t l y '   p e r t u r b e d .  To t h i s   a p p r o x i m a t i o n ,   t h e   i n t e g r i t y  of 
t h e  two concent r ic   inner   and   ou ter   f lows  i s  preserved  as they  
are accelerated  downstream. 

Inner  Flow  Reqion.  Two-thirds of t h e  electrical  i n p u t  power 
i n v e s t e d   i n  a l l  the   p lasma  f low  reg ions   appears  as t o t a l   e n t h a l p y  
of t h e   i n n e r   p r o p e l l a n t   f l o w .  I n  a d d i t i o n ,   n e a r l y  100 pe rcen t  of 
this inne r   f l ow power a d d i t i o n  is accompl ished   wi th in   the   d i s -  
charge  chamber as  shown i n  F ig .  17. Negl ig ib l e  power a d d i t i o n  
o c c u r s   i n   t h e   e x h a u s t .  The discharge  chamber  and  exhaust  plume 
r e g i o n s   o f   t h e   i n n e r   f l o w   a r e   d i s t i n g u i s h a b l e   b y   t h i s   l o c a l i z a -  
t i o n   o f  power i n p u t .  As suc:I, t he   f l ow  p rocesses   w i th in   each  
w i l l .  be t r e a t e d   s e p a r a t e l y .  

I n n e r  F l o w ,  Discharqe  Chamber,  The  inner  propellant  mass 
flow i s  ionized ,   hea ted ,   and   acce lera ted   th rough  the   sonic   po in t  
w i th in   t he   d i scha rge   chamber .  The n e t  r e s u l t  of t hese   p rocesses  
may be examined i n  terms o f  a power ba l ance   ac ross   t he   r eg ion .  

The t o t a l   i n p u t  power, PT, i nves t ed  i n  the i n n e r  f low  with- 
i n   t h e   d i s c h a r g e  chamber i s  6.1 x l o 5  w a t t s ,   e x c l u s i v e   o f   t h e  

cathode f a l l  power. O f  t h i s   t o t a l ,  a ce r t a in  amount, PR, i s  

l o s t   t h r o u g h   r a d i a t i v e   p r o c e s s e s .  The remaining power appears  
d i r e c t l y  i n  the  f low.  

! 
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(111-1) 

T h i s  f l o w  power is p a r t i t i o n e d  between e n t h a l p i c   a n d  
k i n e t i c  modes. 

(1x1-2) 

where fi is t h e   a c c e l e r a t e d  mass f low rate,  h the f l o w  
en tha lpy ,   and  u t h e  mean f low  ve loc i ty .  

A quas i - equ i l ib r ium  expres s ion  for  the f l o w  en tha lpy  
is assumed, i n  the form, 

(111-3) 

where Te and Ti are t h e   e l e c t r o n  and ion   tempera tures ,  

cP is  t h e   h e a t   c a p a c i t y  a t  cons t an t   p re s su re   and  R e q u a l s  
t h e  argon g a s   c o n s t a n t .  The f i r s t   i n t e g r a l  i n  Eqn. 111-3 
r e p r e s e n t s   t h e   c o n t r i b u t i o n  t o  the  f low  enthalpy  f rom  both 
e x c i t a t i o n   a n d   i o n i z a t i o n  as w e l l  a s   t he   ene rgy   con ten t   o f  
the i o n  and e l e c t r o n  random motion a t   t e m p e r a t u r e  T . 
Genera l ly   t he   cxc i . t a t j . on   and   i on iza t ion   p rocesses   i n   dev ices   o f  
this type  l i m i t  t h e   e l e c t r o n   t e m p e r a t u r e  t o  between  one  and 
t w o  v o l t s .   A f t e r   i n i t i a l l y   % f l i n g   i o n i z e d ,   t h e   p l a s m a   e x p c r -  
i e n c c s  a s i g n i f i c a n t   a x i a l   a c c e l e r a t i o n .  The r e s u l t i n g   h i g h  
v e l o c i t i e s   a r c   c h a r a c t e r i z e d  by flow  t imes  short   compared t o  
c h a r a c t e r i s t i c   e l e c t r o n - i o n   e n e r g y   c q u i p a r t i t i o n  time:; 
t h e r e b y   e s t a b l i s h i n g  a non . -equi l ibr ium  s i tua t ion .   Because  
e l e c t r o n - i o n   c o ! . l i s i o n s   a r e   u n a b l e   t o   e s t a b l i s h   a n   s A T J i l i i l r i - J  !I 

t e m p e r a t u r e   d i s t r i b u t i o n  i n  time, a d d i t i o n a l   e n t h a l p y   a p p e a r s  
i n  i o n  random motion alone, t h e r e b y   r a i s i n 5   t h e   i o n   t e m p e r a t u r e  
above  the e lectron temperature .   This   non-equi l ibr ium Zffect 

i s  accounted for b y   t h e   s e c o n d   i n t e g r a l   i n  Eqn. I I I - . 3 .  

A- 3 
e 

A-4 

. .  

. .  
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Equat ions 111-1, 2 and 3 may be rea r r anged  to  express .  
the f l o w  v e l o c i t y  i n  terms of i n p u t   a n d   r a d i a t e d  power, 
a c c e l e r a t e d  mass f low rate,  pressure ,   and  electron and i o n  
tempera tures  such th;-t: 

Order .of magnitude estimates of PR, p, Te and Ti a t  a 
g i v e n   a x i a l   l o c a t i o n  are r e q u i r e d  t o  c a l c u l a t e   t h e  local flow 
v e l o c i t y  f r o m  the  measured power inpu t   up  t o  t h a t   p o i n t .  The 
measurement   t echniques   for   any   one   o f   these   var iab les   requi re  
a m a j o r   e x p e r i m e n t a l   e f f o r t   i n  t e rm o f  the s o p h i s t i c a t i o n  
and time demanded by the p a r t i c u l a r  measurement. I n   l i e u  of 
their  actual  measurement, these est imates 'must   re ly   upon  pre-  
v i o u s   d a t a   o b t a i n e d  a t  s i m i l a r   o p e r a t i n g   c o n d i t i o n s ,   a l b e i t  
f o r   d i f f e r e n t  a rc je t  c o n f i g u r a t i o n s .  

Plasma r a d i a t i o n  phenomena inl I n   e n v i r o n m e n t   o f   t h i s  
t y p e  are extremely  complex. An exac t   fo rmula t ion  of the in-  
p u t  power r a d i a t e d  away by  bremmstrahlung  and  Line  radiation 
is beyond   t he   s cope   o f   t h i s  work. The power d e n s i t y   r a d i a t e d  
i n  f r e e - f r e e   t r a n s i t i o n s   f o r  a Maxwelliar. e l e c t r o n   d i s t r i b u t i o n  
is  g i v e n   b y   S p i t z e r  as: 

'7 , 

(111-5} 

where Z i s  t h e   i o n   c h a r g e  number and n a r e   t h e   e l e c t r o n  
and  ion number d e n s i t i e s .   F o r  a singly ionized  argon  plasma 
w i t h   a n  e lectron number d e n s i t y   e q u a l   t o  loL5 a n c 3  and Te be- 

tween  one  and  two v o l t s :  

A- 4 e,  i 

The  power r a d i a t e d  away by  brcmmstrahlung  from  the lo2 cm 3 

i nne r   f l ow volume may thus  he  approximated  as :  

~ .. . . "  . . 
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a n e g l i g i b l e  amount r e l a t z v e  t o  the t o t a l  i n p u t  power. How- 
ever, power losses from bound-bound t r a n s i t i o n s  may be s i g -  
n i f icar? t .  A l i n e  r a d i a t i o n  f l u x  of 2000 w a t t s / c m 2  has   pre-  
v i o u s l y   b e e n   f o u n d   t y p i c a l  of t h i s  plasma environment. 
The luminous i n n e r  f low  r eg ion  w i t h i n  the discharge  chamber 
r ad ia t e s   f rom a s u r f a c e  area of O(10 c m  ) .  From t h i s   s u r -  

125 

2 2  

f a c e ,  

w i l l  be r a d i a t e d  away.  The assumption of no recombinat ion 
w i t h i n  t5.s d i s c h a r g e   r e g i o n   i m p l i e s   t h e  power loss from f ree -  
bound t r a n s i t i o n s  is  n e g l i g i b l e .  The t o t a l  i n p u t  power l o s t  
t o  r a d i a t i o n  i s  t h e r e f o r e  

E lec t ron   t empera tu res   cons i s t en t   w i th   p rev i0u . s   p robe  
measurements   and  observed  levels   of   ionizat ion,   pressures  
i n f e r r e d  from s t a t i c  pressure   measurements   in  the d i scha rge  
chamber, and   a rgon   ion   t empera tures   ex t rapola ted  from  Doppler 
w i d t h   d a t a   a r e   l i s t e d  b e l o w .  

125,134,141 

*e - 
- 

P =  
Ti = 

For PT = 6 .1  x 10 w a t t s  
and   an   acce le ra t ed   i nne r  

5 

r e s p o n d i n g   e x i t   v e l o c i t y  
8.0 $5 ue 5 10.4 km/sec. 

0 (19,000 OK) 
o (10-2-10-1atm) 
0 (60,000 OK) 

just o u t s i d e   t h e   d i s c h a r g e  chamber 
mass f l o w   r a t e  of 3 g/sec ,   the  cor- 
is c a l c u l a t e d  from Eyn. 111-4 t o  be 

The experimentElly  measured  plasma 
v e l o c i t y  2 c e n t i m e t e r s  downstream i s  9.6 - 0.4 km/sec.  The 
i n n e r   p r o p e l l a n t   f l o w   t h u s   i s ' s l i g h t l y   s u p e r s o n i c   a s  it de- 
p a r t s  t .he   discharge  chamber   with  an  e levated  ion  temperature  

f 
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and   an  electron. t empera tu re   cons i s t en t  w i t h  t h e   c o n d u c t i v i t y  
r equ i r emen t s   o f  the d ischarge .  

I n n e r  Flow,  Exhaust Plume.  The flow i n  t h e   i n n e r   e x h a u s t  
plume of t h e   d i s c h a r g e  i s  a c c e l e r a t e d   s u p e r s o n i c a l l y  t o  a f inal .  
v e l o c i t y  of 12.5 km/sec.   This   accelerat ion region extends  
severa l   anode   or i f ice   d iameters   downst ream.   Wi th in  this r e g i o n  
the e lec t romagnet ic   bcdy   forces  .are normal t o   t h e   f l o w  stream- 
l i n e s .  Thus, e lec t romagnet ic   body forces t e n d   t o   c o n f ' n e  
rather than accelerate t h e   f l o w   i n   t h e  streamwise d i r e c t i o n .  
The ax ia l   acce l e ra t ion ,   however ,  may be accoun ted   fo r   by   t he  
r a d i z l   d i v e r g e n c e   o f  the . lo t ,   e lec t romagnet ica l ly   conf ined  
inner  plasma  flow. 

The mathematical desc r ip t ion   o f   t he   expans ion   p rocess  i s  
s ign i f i can t ly   s imp l i f i ed   fo r   one -d imens iona l   f l ows .   Rad ia l  
p r o f i l e s  of ve loc i ty   and  number d e n s i t y  a t  s e v e r a l   a x i a l   l o c a -  
t i o n s   j u s t i f y   t h e  l-D assumption  as  a f i r s t   a p p r o x i m a t i o n   o f  
t h e   f l o w   f i e l d .  The  one-dimensional  mass, momentum, and  energy 
r e l a t i o n s   € o r  a g iven   s t reamtube  may be w r i t t e n  as: 

A- 5 

dh + u d u  = d j  

(111-6) 

(111-7) 

(111-8) 

where A i s  the  normal  streamtube area ,   dq   the   energy   addi t ion  
p e r   u n i t  mass from  Joule  heating,  and f , u, p,  and h t h e  conunon 
nomencla ture   for   dens i ty ,   ve loc i ty ,   p ressure ,   and   en tha lpy .  The 
f low  en tha lpy  may be e x p r e s s e d   a s  

h = z  p/p + h, z (111-9) 

where  hI is the   in te rna l   energy   con ' -en t   due  t o  e x c i t a t i o n  and 
i o n i z a t i o n .  The ene rgy   add i t ion ,   dq ,   t o  Lkhe expanding  flow w a s  
found t o  be i n s i g n i f i c a n t  compared t o   t h e   t o t a l   e n e r g y   c o n t e n t .  
Thus,  dq may be approximated  as   zero.  1 

4 
; 
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S i g n i f i c a n t   a r g o n  ion recombination (A111 - A I 1  or 
A I I - A I )  i n   t h i s . e x h a u s t   r e g i o n   o f  the d i s c h a r g e  has no t  
been exper imenta l ly   observed .  A-6 Recombination times for  
these p rocesses  are characteristically long,  compared t o  
local  flow times. Th i s   sugges t s  the plasma flow may be 

t r e a t e d  as fxozen, i.e., 

dh, = 0 
Hence, the one-dimensional   energy  equat ion becomes 

Equat ion   111-10   in tegra tes  t o  

( I J  1-10} 

(111-11) 

where   t he   i n t eg ra t ion   cons t an :  K r e p r e s e n t s   t h e   t o t a l  
s p e c i f i c   f l o w   e n t h a l p y   e s c l u c i v e  cf e x c i t a t i o n   a n d   i o n i z a t i o n  
e n e r g i e s .  The c o n s t a n t  K may be eva lua ted  from e i t h e r  the 
s o n i c   v e l o c i t y  u or t h e  maximum v e l o c i t y  urnax accord ing  t o  
Eqn. 111-12. 

* 

(111-12) 

w h e r e  t he   son ic   conc? i t i on  y p* /p  = u *2 has   been   used .  
* 

Equations  111-6,7, 10 l nd  1 2  may b e   s o l v e d   f o r   t h e  stream- 

! 

I 

I 

l i n e  area as a f u n c t i o n  of u ,  K ,  and 
is  e a s i l y  shown t h a t  

the minimum area A . I t  
* 

or,  i n  terms o f   t h e  streamtube r a d i u s  r, 

I . .. 

i . 
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Mass s t r e a m l i n e   c o o r d i n a t e s  r ( z )  for  g i v e n , r   v a l u e s  may be 
c a l c u l a t e d  when the  measured ax ia l  . v e l o c i t y  profile u ( z )  i n  
Fig.  8 i s  s u b s t i t u t e d   i n t o  Eqn. 111-14. K and  ut  are eva lua ted  
from umax = 12 .5  km/sec. The f l o w   s t r e a m l i n e s   a s s o c i a t e d  w i t h  
x = 1.0, 1.5, and 2 .O c e n t i m e t e r s   a r e  shown i n   F i g .  1%. C i r -  

c u l a r   a n d   ' t r i a n g u l a r   d a t a  symbols r e p r e s e n t  t w o  exper imenta l ly  
measured  s t reamlines .  The c i r c u l a r   d a t a  symbols also, r e p r e s e n t  
the outermost   boundary  of   the A I 1  luminosity  photographed  through 
the 4880 A filter. St reaml ine   agreenent   be tween the one- 
dimensional   expansion  model   and  the  experimentai   data  is excel-  
l e n t .  Thus,   the   downstream  accelerat ion  of  the i i m e r   p r o p e l l a n t  
f l o w  may be accounted for by the r a d i a l   e x p a n s i o n   o f   t h e   h i g h  
enthalpy  plasma  discharged  from the a c c e l e r a t o r  chamber. 

* 

* 

0 

Q u e s t i o n s  may arise as t o  the s e n s i t i v i t y   o f  these r e s u l t s  
to t he   shape   o f   t he   measu red   ve loc i ty   p ro f i l e   and   t he   a s sumpt ion  
of nes l ig ib le   recombina t ion   in   the   expanding   f low.  The above 
c a l c u l a t i o n s  w e r e  r epea ted  €or a p   a r b i t r a r i l y   c h o s e n   l i n e a r  
v e l o c i t y   p r o f i l e   S u b s t i t u t e d   f o r   t h e   m e a s u r e d   p r o f i l e   o f   F i g .  8. 
The c o r r e s p o n d i n g   s t r e a m l i n e   s h a p e s   c a l c u l a t e d  from Eqn 111-14 
f o r   t h e   l i n e a r   p r o f i l e   d i f f e r e d   n c t i c e a h l y  from the   exper imenta l -  
l y  measured  f low  direct ions.   Recombinat ion  enthalpy w a s  a r b i -  
t r a r i l y   i n t r o d u c e d   o n t o   t h e   f l o w   b y   i n c l u d i n g  dh i n  Eqn. 111-10. 
Even =or r e l a t i v e l y   s m a l l   d e g r e e s  of assumed  recombination,  the 

c a l c u l a t e d   s t r e a m l i n e s  bore no resemblance t o  the  measured  f low 
p a t t e r n s .  

I 

Outer  Flow  Region.  Plasma a c c e l e r a t i o n   z p p e a r s   q u a l i t a t i v e -  
ly less s i g n i f i c a n t   i n   t h e  ou ter  f low  r eg ions   o f   t he   d i scha rge .  
Reduced l e v e l s   o f  power a d d i t i o n ,   l o c a l  7 x E, and  luminosi ty  

suggest l o w e r  v e l o c i t i e s ,   d e n s i t i e s ,  and   i on   t empera tu res   i n  
the o u t e r  f l o w .  Es t ima tes   o f   t hese   t empera tu res   and   ve loc i t i e s  
may be made i n  t h e  sa.me s p i r i t  as  w i t h   t h e   i n n e r  f l o w .  

Outer   Flow,   Discharqe  Chader .  The i n t e r e s t i n g   f e a t u r e  of 
the o u t e r  f l o w  w i t h i n   t h e   d i s c h a r g e  chamber i s  t h e   l o c a l i z a t i ' o n  

. . . . . . . . . . . . . . .  . . .  , .... " . _."_ *" 
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of power a d d i t i o n   o f f  the t i p   o f   t h e   a n o d e   p r e v i o u s l y  il- 
l u s t r a t e d   i n   F i g .  16. Because of t h i s ,  s i g n i f i c a n t   i o n i z a -  
t i o n  of t h e   i n j e c t e d   p r o p e l l a n t  is d e l a y e d   u n t i l  the f low 
enters the' v i c i n i t y   o f  the a n o d e   o r i f i c e .  The local pdwer 
a d d i t i o n  ihere is  commensurate w i t h  f u l l   i o n i z a t i o n   o f  the 

i n c i d e n t   p r o p e l l a n t   f l u x .  I t  should  be r e c a l l e d  t h a t  o u t e r  
flow mass i n j e c t i o n  was o r i g i n a l l y   r e q u i r e d  t o  prevent  se\-'Pre 
t e r m i n a l   v o l t a g e   f l u c t u a t i o n s   a n d   m i n i m i z e   t h e   t o t a l  arc 
vo l t age .   S imi l a r   behav io r  has b e e n   r e p o r t e d   f o r   d i f f e r e n t  
arcjet  c o n f i g u r a t i o n s   o p e r a t i n g   a t   c o n d i t i o n s  where the anode 
r e g i o n   a p p e a r s   l o c a l l y   " s t a r v e d "   o f   p r o p e l l a n t .  One  may 
r p e c u l a t e   t h a t   t h e   o u t e r   f l o w   f u n c t i o n s   p r i m a r i l y  t o  provide  
a s o u r c e   o f   c o n d u c t i o n   e l e c t r o n s   i n   t h e   v i c i n i t y   o f   t h e  plasma- 
anode   i n t e r f ace .  

The ou te r   f l ow  p l a sma   ve loc i ty  i n  the  anode  plane may be 

e s t i m a t e d   u s i n g   t h e  power ba l ance  Eqn. 111-4.  However, i o n  
t e m p e r a t u r e s   i n   t h i s   r e g i o n   o f   t h e   d i s c h a r g e   h a v e   n o t   b e e n  
previously  measured. To c i rcumvent   this   problem,  advantage 
may be made of t h e   n e a r   s o n i c   c o n d i t i o n s   e x i s t i n g   i n  the 

v i c i n i t y  of t h e   a n o d e   o r i f i c e .  The ion   tempera ture  may be 

expressed  i n  terms  of the acous t i c   speed  c 
SI 

where y e , i  a r e   t h e   r e s p e c t i v e   e l e c t r o n   a n d   i o n   s p e c i f i c  
h e a t  ratios.  S ince   t he   acous t i c   speed   equa l s   t he  f l o w  

v e l o c i t y   a t   t h e   s o n i c   p o i n t ,   t h e   i o n   t e m p e r a t u r e  may be 

expres sed   a s ,  

(111-15) 

Using Eqn. 111-15, Eqn. 111-4 may be r e a r r a n g e d   t o   e x p r e s s  
t h e   f l o w   v e l c c i t y  c i n  terms o f  P 
a t  the   son ic   po in t .   E lec t ron   t empera tu res   on   t he  same order 

.k * * 
FLOW' m, and Te e v a l u a t e d  

1 . . .. 

c 
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as the i n n e r  f l o w  are assumed, i.e. O(19,OOO OK). The elec- 
tr ical  power i n p u t  t o  the o u t e r   f l o w   w i t h i n  the d i s c h a r g e  
chamber iz 2.5 x 1.0 w a t t s .  This i n p u t  power l eve l   acco rd ing -  
ly accelerates the 3 g/sec o u t e r   f l o w  rate  t o  v e l o c i t i e s  less 
t h a n  4500 m/sec and   hea t s  the i o n s  t o  t empera tu res  below 
40,000 OK. Both these v a l u e s  are approximately a f a c t o r  of 
t w o  less t h a n  the i n n e r  f l o w  ve loc i ty   and   i on   t empera tu re  a t  
a similar l x i a l   s t a t i o n .  

5 

Outer  Flow,  Exhaust Plume.  The mass ' s t reaml ines   measured  
i n  the ou te r  exhaus t  plume f low  o f  the accelerator do no t   pa ra l -  
le l  the  local c u r r e n t   s t r e a m l i n e s .  The more r l p i d   r a d i a l   d i -  
vergence of the o u t e r   e x h a u s t   f l o w   i n d i c a t e s   o n l y   p a r t i a l  mag- 
ne t i c   con f inemen t .  The e x p a n s i o n   p r o c e s s   i n  t h i s  r e g i o n   o f  the 

d i s c h a r g e   s h o u l d   t h e r e f o r e  more c l o s e l y  resemble t h a t  o f  a f r e e  
expansion  from a s o n i c  or i f ice .  The de ta i l s  of t h e   o u t e r  ex- 
h a u s t   f l o w   f i e l d  w e r e  no t   cons idered .  

Spec i f i c   Impu l se  of t h e  MPD Discharge Flow 

The s p e c i f i c   i m p u l s e   o f  the quasi-steady  plasma accelerator, 
def ined   by  Eqn. 111-16, i s  an   impor tan t   parameter   used  t o  evalu-  
a t e  thrus te r   per formance .  

I, = T/rpi l  (111-16) 

where T i s  t h e   t h r u s t   p r o d u c e d  by t h e   a c c e l e r a t i o n  of t h e  
mass   f low  ra te  m ,  and g i s  the s t a n d a r d   a c c e l e r a t i o n   o f  
g r a v i t y .  The AVCO c r i t i c a l  J /A model impl ies   an   upper  l i m i t  2 

of 890 s e c o n d s   f o r  the quas i - s t eady   acc . ? l e ra t ion   o f   a rgon  
p r o p e l l a n t .  The f o r c z o i n g   r e s u l t s  of t h e  two-€low  plasma 
a c c e l e r a t i c n  model may be examined i n   l i g h t  o f   t h i s   c l a i m .   I n  
o r d e r  t o  do this  t h e   t h r u s t   p r o d u c i n g   r e g i o n s   o f   t h e   d i s c h n r g e  
m u s t  f i r s t  be i d e n t i f i e d .  

The thrus t   p roduced   by   the   quasb-s tzady  MPD a r c j e t  is b o t h  
e l e c t r o m a g n e t i c   a n d   e l e c t r o t h e r m a l   i r i   o r i g i n .   E l e c t r o m a g n e t i c  
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thrust  arises  from  Lhe  coupling  among the vector  components 
the  current darlsity  and  azimuthal  self-magnetic  field of the 
discharge.  Both  axial  and  radial  Lorentz  body  fcrces  result 
from  radial  and  axial  current  flow  .sspectively. The jrBQ 
body  forces  ("electromagnetic  blowing")  directly  accelerate 
the  propellant  downstream  imparting  thrust to the  arcjet 
through  the  interaction  between  the  current  flow in  the dis- 
charge  plasma  and  the  accelerator  circuitry. The magnitude 
of the "blowing"  thrust  component  may be calculated  by  inte- 

of 

grating  the  Maxwell  stress  tensor  over  any  convenient  surface 
which  encloses  the  discharge  current  pattern.  The  radial 
or "pumping"  jxBe  forces  confine  the  discharge  plasma  and 
support  radial  pressure  gradients  similar  to  those  found  in 
classical  pinch  discharges.  The  thrust  contribution  from 
these  "electromagnetic  pumping"  forces  may be evaluated  by 
integrating  the  pressure  distributions  caused  by  this  magnetic 
confinement  over  those  surfaces  normal  to  the  accelerator's 
symmetry  axis.  Thrusk  results  from  the  overpressure  generated 
on these  surfaces. 

Electrothermal  or  aerodynamic  thrust  generation  is  a i 
I 

consequence  of  the  discharge  plasma  being  resistively  heated. 
As a  result,  the  unbalanced  pressure on the  discharge  chamber 
walls  and  any  subsequent  nozzle-like  flow  expansion  in  the 
exhaust, \:ill impart  additional  thrust  to  the  device. The 
proper  evaluation  of  the  electrothermal  thrust  component is not 
straightfornard.  Conventionally, aerodynmic thrust is ex- 

pressed  in  terms of a nozzle  discharge  coefficient.  However, 
the  appropriate  discharge  coefficients  and  chamber  pressures 
for  the  quasi-steady MPD arc  are  generally  unknown.  Usually 
therefore,  one  must  rely  upon  specific  experimental  results 
to  estimate  the  magnitude of the  electrothermal  thrust  com- 
ponent. 

1 
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The  thrust  attributable to  the  inner  and  outer flows may 
: !  
i 

be estimated  from  the  experimental  data  taken  at J = 15.3 kA 
and r i  = 6 g/sec. The  results  are  summarized  below. 

r :  , .  

158 . .  

Inner flow: 
TI 

Outer  flow: 
TO 

where  the  superscripts 

I 
+ Tet 

28.0 + 9.5 

37.5 N 

0 
+ Tet 

16.0 + 2.7 

18.7 N 

I and 0 denote  the  inner  and  outer  flows 
and  the  subscripts  em  and  et  imply  electromagnetic  and  electro- 
thermal  thrust  components.  The  total  thrust  generated  by  the 
MPD discharge  at  these  conditions  is  the  sum of TI and To and 
equals, 

T = TI + To 

= 56.2 N 

I t  is  interesting  to  note  that  approximately 22% of  this  total 
calculated  thrust  is  electrothermal in origin.  This  Tet/T 
ratio  is  consistent  with  previous  experimental  thrust  data  which 
implied  the  electrothermal  thrust  fraction of the  quasi-steady 
MPD arcjet was constant and equal to 207; over  a  wide  range of 
conditions . 12 5 

I .  

I 

! 
i !  

! 
I .  
I .  

Several  implications  of  these  thrust  data  may  now be dis- 
cussed.  Since  each  flow  region  accelerates  three  grams  per 
second  argon,  the  mass-averaged  velocities  corresponding to 
the  inner  and  outer flow thrusts  are, 

. , . . . . - 
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u -I = TI/ fi1 = 12.5 km/sec 

U =, To/ fi0 = 6.2 km/sec 

Comparison between t h e s e  mass a v e r a g e d   v e l o c i t i e s   a n d   t h e  
a n o d e   o r i f i c e  e x i t  v e l o c i t i e s   o f   t h e   i n n e r   a n d   o u t e r  flows 
sugges t s  that  approximately 28% of t h e  arc]e+,’s t h r u s t  is 
der ived   f rom  the  f l o p 7  expansion i n  t h e  downstream  exhaust. 
In add i t ion ,   t he   mass   ave raged   ve loc i ty  is  i n   c l o s e  
a g r e e m e n t   w i t h   t h e   t e r m i n a l   e x h a u s t   v e l o c i t y   o f  12.3 f 1.1 
km/sec  measured i n   t h e  plume of t h e  i n n e r  flow. This veloc-  
i t y  also e q u a l s   t h e  maximum ve loc i ty   ob ta inab le   f rom the I-D, 
nozzle- l ike   expans ion  of t he   i nne r   f l ow  d i scussed   p rev ious ly .  
From t h i s   c o r r e s p o n d e n c e ,  it may be i n f e r r e d   t h a t   t h r u s t  re- 
covery i n  t h e  downstream  exhaust  regions of t h e   d i s c h a r g e  re- 
s u l t s  from the  experimental ly   observed  eLestromagnet ic   con-  
finement  of  the  f low. 

F i n a l l y ,   t h e   s p e c i f i c   i m p u l s e  of t h e  two p r o p e i l a n t  
streams may b e   c a l c u l a t e d .  

= T / rhog = 640 sec.  0 
I S P  

The i n n e r   a n d   o u t e r   f l o w   r e g i o n s   d e l i n e a t e d   b y   t h e   t w o - f h w  
p la sma   acce le ra t ion  model may be f u r t h e r   c h a r a c t e r i z e d   b y   t h e  
d i s p a r i t y   b e t w e e n   t h e i r   s p e c i f i c   i m p u l s e s .  The i n n e r  flow 
r e g i o n   G e n e r a t e s   t h r u s t   w i t h  a s p e c i f i c  i m p u l s e  which  con- 
s i d e r a b l y   e x c e e d s   t h e  AVCO 1i.miting I o f  890 seconds   fo r   t he  
quas i - s t eady   acce le ra t ion   o f   a rgon   p rope l l an t .  I n  c o n t r a s t ,  
t h e   s p e c i f i c   i m p u l s e   a s s o c i a t e d   w i t h   t h e   o u t e r   p r o p e l l a n t   f l o w  

SP 

f a l l s   b e n e a t h   t h i s   l i m i t i n g ,  va1,ue. On combining  these  twc 
f l o w s ,   t h e   o v e r a l l   s p e c i f i c   i m p u l s e   o f   t h e   t h r u s t e r ,   e q u a l   t o  
t h e   t o t a l   t h r u s t   d i v i d e d   b y  g t i m e s   t h e   t o t a l  mass  flow, 
becomes, 

i 
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= (T + T ) / g(fiI + fro) = 960 sec .  I 0 

which,   a l thaugh  lower  than I I still exceeds   the  minimum 
power model 's   fundamental  l i m i t  of 890 seconds.  

SP' 

The i m p l i c a t i o n s  of t h e  two-flow  model  and the   above  
r e s u l t s ,   w i t h   r e s p e c t   t o   i m p r o v i n g   t h e   p e r f o r m a n c e   o f   t h e  
quas i - s teady  MPD t h r u s t e r ,   a r e   c l e a r .  Namely, h i g h e r  
a c c e l e r a t o r   t h r u s t   d e n s i t i e s   a n d   s p e c i f i c   i m p u l s e s   s h o u l d  be 
achieved i f   t h e   r e l a t i v e   i m p o r t a n c e   o f   t h e   o u t e r   f l o w   r e g i o n  
i s  reduced. This could  seem t o  be accomplished  by  reducing 
the   anode   and   chamber   rad i i   such   tha t   the   ou ter   f low  d is -  
charge  chamber  region i s  p h y s i c a l l y   e l i m i n a t e d .   I f   a s  a re- 
s u l t   o f   t h e  chamber  geometry  change,  the i n n e r  f l o w   p r o p e r t i e s  
remain  the same, t h e   s p e c i f i c   i m p u l s e   o f   t h e   a c c e l e r a t o r  
would i n c r e a s e  from 2 9 6 0  t o  e1280 seconds.  I t  must  be re- 
c a l l e d ,   h o w e v e r ,   t h a t   p r e v i o u s   v a r i a t i o n s  i n  the   mass   in jec-  
t i on   geomet ry   r e su l t ed  i n  increased   te rmina l   vo l tages   and  
e r r a t i c   a r c j e t   b e h a v i o r  wilc.1 the   ou ter   anode   reg ions   were  
depr ived  of in jec ted   mass .   Fur thermore ,  power d e n s i t y  
and  luminosi ty   measurements   imply  ionizat ion phenomena a r e  
impor tan t  i n  t h e   v i c i n i t y  of the   anode .   These   da ta   a l l  t e n d  

t o  suq; r=es t   the   func t ion   of   the  outer f l o w  may be   p r imar i ly  
r e l a t e d  t o  cu r ren t   conduc t ion   p rocesses  i n  the  anode  region. .  
S i n c e   t h e s e  phenomena  and t h e i r   c o n n e c t i o n   a n d   i n f l u e n c e  upon 
t h e   p l a s m a   a c c e l e r a t i o n   p r o c e s s   a r e   n o t   w e l l   u n d e r s t o o d   a t  
t h i s   t i m e ,  it i s  n o t   c l e a r   t h a t   t h i s   f l o w   r e g i o n   c a n  be e l i m i -  
na ted   wi thout   inducing   o ther   s ign i f icant   consequences   th rough-  
c u t  the   remainder   o f   the   d i scharge .   Improved  MPD t h r u s t e r   p e r -  
fo rmance   r ea l i zed   by   enhanc ing   t he   i nne r   f l ow  cha rac t e r i s t i c s  
Of t h e   d i s c h a r g e  a t  the   expense   o f   the   ou ter   f low,   thus   remains  
t o  be shown. 

> -  

. .  
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B. Cathode  Studies   (Rudolph)  

I n  p rev ious  photographic and   d i a .3nos t i c   s tud ie s  of the 
APD d i s c h a r g e ,  it w a s  observed t h a t  an   in tense ly   luminous  
plasma w a s  formed i n  the region immediately  downstream of t h e  
c a t h o d e   t i p .  I t  w a s  p o s t u l a t e d  t ha t  t h i s  plasma w a s  a 
resu l t  of the high ax ia l  c ' u r r c n t   d e n s i t i e s  a t  the ca thode  t i p  
which ca*rsed a large, r a d i a l l y   i n w a r d  "pumping" f o r c e ,  i n -  
c r e a s i n g  the number d e n s i t i e s   a n d   t e m p e r a t u r e s   i n  t h i s  reg ion .  

The role of t h i s  i n t e n s e  plasma i n  the o v e r a l l  acceleration 
p rocess  i s  unclear .   According t o  t h e   s e l f - f i e l d   t h r u s t  equa- 
t i o n ,  a positive t h r u s t   i n c r e m e n t  i s  g e n e r a t e d   w i t h i n  th i s  
region by the p lasma   p re s su re   ac t ing   aga ins t  the conical cath- 
ode   su r f ace .  On t h e  other hand, the h igh   tempera ture   and  
p r e s s u r e   i n  t h i s  volume e l e v a t e s   t h e   p r o p e l l a n t  t o  e x c i t e d  
states which i n  t u r n   l e a d s  t o  r ad ia t ion   and   f rozen  flow losses. 

I n  o r d e r  to c l a r i f y   t h e  role of t h i s  c a t h o d e   t i p  pl.asma, 
a much longer   ' ca thode  w a s  i n s t a l l e d   i n   t h e  MPD appa ra tus .  I t  

w a s  a n t i c i p a t e d   t h a t   w i t h   t h i s   c a t h o d e ,  the currer.t  would be 
d i s t r i b u t e d   s u c h  t h a t  t h e   a x i a l   c u r r e n t  component  causing  the 
r ad ia l  pumping  would be e l i n i n a t e d ,  and t h e   o p e r a t i o n  of an  
accelerator of a purely  "sweeping"  type  could be s t u d i e d .  

An a d d i t i o n a l   a d v a n t a g e  of t h i s  l o n g  c a t h o d e   c o n f i g u r a t i o n  
arises from i t s  r e l a t i o n   t o  a series o f   e x p e r i m e n t s   r e c e n t l y  
conducted  by  Boyle.  155 I n  th i s  work, t h e   d i s c h a r g e   c u r r e n t  J* 
a t  which   the  arc reached a seeming l i m i t a t i o n   o n   q u i e s c e n t   o p e r a -  
t i o n  (as i n d i c a t e d   b y  a r a p i d l y   f l u c t u a t i n g  o r  "hashy"  terminal  
v o l t a g e  V ) was  found t o  be a l i nea r  f u n c t i o n  of t h e   c a t h o d e  
s u r f a c e  area over  a range  of a r e a s  from 5 t o  40 c m  . Throughout 
t h i s  i n v e s t i g a t i o n ,   t h e   d i s c h a r g e   c u r r e n t   ( t y p i c a l l y  10 t o  2 0  kA) 
w a s  determined t o  a t t a c h   o v e r  the e n t i r e   c a t h o d e   s u r f a c e ,   i n d i -  
c a t i n g  a d e c r e a s i n g   s u r f a c e   c u r r e n t   d e n s i t y  €or larger cath- 
odes.  The new long   ca thode   p rov ides   an   oppor tun i ty  t o  examine 
t h e  "cr i t ical"  c u r r e n t   f o r  a ca thode   w i th  a s u r f a c e  area much 
l a r g e r   t h a n  those p r e v i o u s l y   t e s t e d .  

* 
2 
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The 
is shown 
d iameter  
disrneter 
the same 
t i o n .  61 

c a t h o d e   c o n f i g u r a t i o n   i n i t i a l l y   u s e d   i n   t h i s  sturly 

i n   F i g .  1%. It c o n s i s t s   o f  a 13.6 c m  long,  1.9 cm 
c y l i n z e r   w i t h  a c o n i c a l   t i p ,  2 . 5 4  c m  i n   l e n g t h .  The 
is t h e  same as p r e v i o u s   c a t h o d e s   i n   o r d e r   t o   m a i n t a i n  
geomet r i c   cons t an t  i n  t h e   s e l f - f i e l d   t h r u s t   e q u a -  

The ca thode  is made o f   t ype  .303 s t a f n l e s s  steel 
i n s t e a d   o f   t h e   u s u a l   t h o r i a t e d   t u n g s t e n   d u e  to t h e   f o r m e r ' s  
a v a i l a b i 1 i : ; y   a n d   r e l a t i v e   e a s e   o f   m a c h i n i n g .  The rest o f   t h e  
d i s c h a r g e   c o n f i g u r a t i o n  was k e p t   t h e  same as B o y l e ' s   t o   f a c i l i -  
t a te  a compar i son   w i th   h i s   da t a .  The mass  flow  was 6 g/sec of 
a r g o n   p r o p e l l a n t .  

A c u r r e n t - v o l t a g e   c h a r a c t e r i s t i c   f o r   t h i s   c o n f i g u r a t i o n  
is shown i n  F ig .  20. Two i n t e r e s t i n g   f e a t u r e s   o f   t h i s   g r a p h  
a r e   t h e   d i s c h a r g e   v o l t a g e   o f  115 v o l t s   a t  a c u r r e n t  of 16 kA, 
and  the  voltacje,  V*, a t  t h e  i n i t i a t i o n   o f  the "hashy"  vol tage 
of 216 vol t s .   These   va lues   can  be immediately  compared t o  
Boyle' s d a t a .  

A graph  of d i s c h a r g e   t e r m i n a l   v o l t a g e   v e r s u s   c a t h o d e  
s u r f a c e   a r e a  I s  shown i n  Pig.  2 1  f o r   a l l   p r e v i o u s l y  tested 
tungs ten   ca thodes ,   which  were l i m i t a d   t o   s u r f a c e   a r e a s  of 
40 cm . The p o i n t s   a t  ?5 cm2 r e p r e s e n t   t h e  p r e s e n t  13.6 crn 
I.ong s t a i n l e s s  steel  cathode.  The dashed   l i nes  show t h a t   t h e  
p r e s e p t   d a t a  are n o t   i n c o n s i s t e n t  w i t h  a n   e - t r a p o l a t i o n   o f   t h e  
Boyle   data .  

2 

I n  Fig.  22, the o n r e t  of t he  "hashy" voltage i s  graphed 
versus   ca thode  surfdce area .  The value  for  the 13.6-cm long 
ca thode  i s  a l so  shown and  again  agrees   with a r easonab le   ex t r a -  
p o l a t i o n  of p rev ious   da t a .   Bo th   g raphs   i nd ica t e   t ha t  the ca th-  
ode  emission  processes  yay be independent of c a t h o d e   m a t e r i a l .  

I ,  
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The graph  of the c r i t i ca l  c u r r e n t   v e r s u s  the ca thode  area 
i s  Shawn i n   F i g .  23. Again, the d a t a  fo r  areas below 40 c m  
are from Boyle  while  the b a r  a t  75 c m 2  r e p r e s e n t s  the ca thode  
u s e d   i n  the present s t u d y .   I f  the c s thode  material is un- 
i m p o r t a n t ,   t h e  new p o i n t   i n d i c a t e s   t h a c  as the ca thode  area 
i n c r e a s e s ,  the p r e v i o u s l y   r i s i n g   c r i + . l e a l   c u r r e n t   a p p r o a c h e s  
a n  asymptot ic   va lue   o f   &bout  25 kA. F u r t h e r   d a t a  are r e q u i r e d  
t o  v e r i f y  t h i s  t r end .  

2 

I n  o r d e r  t o  determine whether th,e previous ly   ment ioned  
e l ec t ron lagne t i c   compress ion   r eg ion   o f f  the c a t h o d e   t i p  w a s  
e l i m i n a t e d   u s i n g  this l a r g e r   c a t h o d e ,  the local m a g n e t i c   f i e l d  
d i s t r i b u t i o n  w a s  measured  for a t o t a l  c u r r e n t   o f  16  kA. The 

r e s u l t i n g   c u r r e n t   c o n t o u r  map i s  shown i n   F i g .  24. It is  
n o t e d   t h a t  a t  the c a t h o d e   t i p ,   t h e r e  i s  a s i z e a b l e   f r a c t i o n  
of the t o t a l   c u r r e n t   ( a p p r o x i m a t e l y  4 kA) t h a t  has  a s i g n i f i -  
c a n t   a x i a l  component .   This   indicates  t ha t  the "pumping" f o r c e  
has not   been   comple te ly   e l imina ted  ir. th is  downstream  region. 
Current   conduct ion  upstream  of  the 6 kA l i n e  is  v i r t u a l l y   r a d i a l ,  
however,  and seems t o  i n d i c a t e   t h a t  a c o m p l e t e l y   r a d i a l   c u r r e n t  
d i s t r i b u t i o n  is p o s s i b l e   i f   t h e   c a t h o d e   a t t a c h m e n t  is al lowed 
t o  sp read   ou t   ove r  a l a r g e r   a r e a .  

The t o t a l   c u r r e n t   a t t a c h m e n t  downstream of a po in t   on   t he  
c a t h o d e   s u r f a c e   v e r s u s   t h e   a x i a l   c o o r d i n a t e   o f   t h a t   p o i n t  is  

shown i n   F i g .  25. A s  can be s e e n ,  a s t r a i g h t   l i n e   c a n  be drawn 
th rough   t he   da t a   on  the c y l i n d r i c a l  par'. of the   ca thode ,   which  
is  c o n s i s t e n t   w i t h  a uniform  a t tachment .  

The 2 kA a t t achmen t   on   t he   con ica l   ca thode  tip and the l a r g e  
a x i a l  component of t h e  c u r r e n t  downstream o f   t h e  4 ;;A stream- 
l i n e   b o t h   t e n d  t o  i n d i c a t e   t h a t  a longer   ca thode  i s  needed t o  
provF2e a c u r r e n t   a t t a c h m e n t   f r e e   o f   c a t h o d e   t i p   i n f l u e n c e   a n d  
t o  e l i m i n a t e  the r a d i a l  5 x force.   Consequent ly ,  a l a r g e r  
s t a i n i e s s  s teel  ca thode ,  26 .4  c m  i n   l e n g t h ;  has been b u i l t  and 
is  shown i n  F ig .  19b. This   ca thode  i s  present ly   undergoing  the 

same tests a s  the p rev ious  13.6 cm cathode.  

i 
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C .  Terminal  Voltaqe F l u c t u a t i o n s  i n  Quasi-Steady MPD 
Discharges . (Boyle) 

The oi:szt of f l u c t u a t i o n s   i n  the t e rmina l  arc v o l t a g e   o f  
the quas i - s t eady  MPD accelerator has   been   r epor t ed   p rev ious ly .  
O r i g i n a l l y  t h i s  behav io r  w a s  i n t e r p r e t e d  as i n d i c a t i v e   o f  a 
fundamental  l i m i t a t i o n  imposed  upon the quas i - s teady  accelera- 
t i o n  of a plasma  flow. This arcjet  model  proposed  naninal 
MPD d i s c h a r g e   o p e r a t i o n  w a s  r e s t r i c t e d  t o  arc c u r r e n t s   a n d  
i n j e c t e d  mass f l o w  rates f o r  which the   pa rame te r  J /&, the arc 
c u r r e n t   s q u a r e d   d i v i d e d   b y  the p r o p e l l a n t  flow rate, w a s  equa l  
to  a c r i t i ca l  constant   dependent   only  upon accelerator geometry 
a n d   p r o p e l l a n t   s p e c i e s .   h p i r i c a l l y  th i s  cr l%ical  J /I?I va lue  
e q u a l l e d  (J 1 /&, where J i s  the arc c u r r e n t  a t  which t h e   o n s e t  
of t e r m i n a l   v o l t a g e   f l u c t u a t i o n s  i s  observed. 

2 

2 

* 2  * 

R e c e n t  experiments  however  suggest the c r i t i c a l  (J ) /m * 2  

parameter  i s  n e i t h e r   c o n s t a n t   n o r   u n i q u e .  155 I n   f a c t ,  J i s  
found to  be func t iona l ly   dependen t  upon b o t h   c a t h o d e   s u r f a c e   a r e a  
and mass i n j e c t i o n   g e o m e t r y   f o r  a g iven   propel lan t   f low rate. 

These d a t a  a l so  s u g g e s t   t h e  phenomena r e s p o n s i b l e   f o r   t h e   v o l t a g e  
f l u c t u a t i o n s   o c c u r   i n  the v i c i n i t y   o f  the cathode electrode. 

A s  par t .   o f  a p r e l i m i n a r y   i n v e s t i g a t i o n  t o  de termine  the 

n a t u r e   a n d   s i g n i f i c a n c e   o f   t h e s e  phenomena, l o c a l   p o t e n t i a l  mea- 
surements about t h e   e l e c t r o d e   r e g i o n s  of t h e   d i s c h a r g e  w e r e  made. 
The acce le ra to r   con f igu ra t ion   fo r   t hese   measu remen t s   i nc lu .ded  a 
7.62-cm-long tungs t en   ca thode ,  5 0 : 5 0  f low  d iv is ion   be tween  ca th-  
ode base annulus   and o u t e r  i n j e c t o r  h o l e s  and G g/sec t G t a l  mass 
f l o w   r a t e .  Two f l o a t i n g   p o t e n t i a l   p r o b e s   a r e   p o s i t i o n e d  close t o  

t h e   c e n t r a l   c a t h o d e   a n d   o u t e r   a n o d e   l i p .  The p o t e n t i a l   d r o p  be- 

tween  the  cathode  and  the  potent ia : .   probe several millimeters 
o f f  the c a t h o d e   s u r f a c e  i s  m e a s u r e d   d i f f e r e n t i a l l y   a n d   l a b e l l e d  
Vc. The f l o a t i n g   p o t e n t i a l   s e v e r a l  millimeters o f f   t he   anode  
l i p  i s  s imul t aneous ly   r eco rded   w i th   r e spec t  t o  the  anode  ground 
and is  l a b e l l e d  VA. The p o t e n t i a l   d i f f e r e n c e   a c r o s s   t h e   p l a s m a  

* 

i 



f low  reg ion ,  Vp, may be expressed  as: 

vp = v - VA - vc 

where V is t h e   t e r m i n a l  arc vo l t age .  This e x p e r i q e n t a l  
arrangement is  schemat i ca l ly   r ep roduced   i n   F ig .  26. 

F igu re  27 compares   t he   o sc i l l og ram  s igna tu res   o f  V, 

VA and Vc f o r   a n  arc c u r r e n t   g r e a t e r   t h a n   t h e   o n s e t   c u r r e n t  
J*. The c a t h o d e   v o l t a g e   s i g n a l  Vc c l e a r l y   r e p r o d u c e s   t h e  
o n s e t  t i m e ,  f requency,   and  ampli tude  of   the  terminal   vol tagc!  
f l u c t u a t i o n .   T h i s  1:l cor re spondence   imp l i e s   t he   f l uc tua t ions  
i n  t h e   t e r m i n a l   v o l t a g e   s i g n a l  a.-e l o c a l i z e d   a b o u t   t h e  
v i c i n i t y   o f   t h e   c a t h o d e .  

The o n s e t   o f   t e r m i n a l   v o l t s . g e   f l u c t u a t i o n s  is  f u r t h e r  
c h a r a c t e r i z e d   b y  a sudden   increase  i n  t h e   l o c a l   e l e c t r i c   f i e l d  
abou t   t he   ca thode .   F igu re  28 p r e s e n t s  Vc, VA and  the   t e rmina l  
v o l t a g e  V as a f u n c t i o n   o f   c u r r e n t .  The c u r r e n t   a t   w h i c h   t h e  
ca thode   vo l t age  Vc sha rp ly   i nc reases   co r re sponds   exac t ly   w i th  
Y* determined  from ;;he t e r m i n a l   v o l t a g e - c u r r e n t   c h a r a c t a r i s t i c .  
The anode  vol tage VA a l s o   e x h i h i t s  a s j .mi l a r   sha rp   i nc rease  i n  
magni tude  a l thcugh a t  a l ower   cu r ren t   o f  8 kA. C o i n c i d e n t a l l y ,  
t h i s   va lue   approx ima te ly   equa l s   t he   i on   cu r ren t   wh ich  woulc! b e  
gene ra t ed   by   t he   comple t e   s ing le   j on iza t ion  of t h e   o u t e r  3 g/sec 
argon  mass f l o w  r a t e .  N o  s u c h   s h a r p   v o l t a g e   i n c r e a s e s   a r e   e v i -  
den t  i n  t he   t e rmina l   vo l t age   and  V c h a r a c t e r i s t i c s .  P 

I t  is i n t e r e s t i n g  t o  n o t e   t h a t  t h e  t e r m i n a l   v o l t a g e s   a t  
which   the   sudden   increase  i n  ca thode   po ten t i a l   and   d i scha rge  
i n s t a b i l i t y   o c c u r ,  V*, a r e   i n s e n s i t i v e   t o   t h e   c a t h o d e   s u r f a c e  
a r e a .   P r e l i m i n a r y   s t a i n l e s s   s t e e l   l a r g e   c a t h o d e   r e s u l t s   s u g g e s t  
t h a t  V* is  a l s o   i n s e n s i t i v e   t o   c a t h o d e   m a t e r i a l   ( s e c t i o n  1II-n). 
R e f e r r i n g   b a c k   t o   F i g . 2 2 ,   t h e  common v o l t a g e   a s s o c i a t e d   w i t h   t h e  
O n s e t  Of t h e   v o l t a g e   f l u c t u a t i o n s  is  180 v o l t s  k 30%. Thus it 
w o u l d   a p p e a r   t h a t   € o r   a r c   c o n d i t i o n s   s u c h   t h a t   t h e   t e r m i n a l   v o l t a g e  
exceeds V*, t h e   l o c a l   e l e c t r i c   f i e l d   a b o u t   t h e   c a t h o d e   s h a r p l y  
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i nc reases   and  becomes oscillatory. I t  is tempting t o  specu- 
la te  t h a t   t h i s  cri t ical  vo l t age   and  the changes i n   t h e   f i e l d  
p r o p e r t i e s   a b o u t   t h e   c a t h o d e . r e f l e c t  a change i n  the local 
c u r r e n t . e m i s s i o n  processes. However, s i n c e  the e l e c t r o n  
emiss ion  and c u r r e n t   c o n d u c t i o n   p r o c e s s e s   i n  t'le ca thode  
region of a n  arc d i s c h a r g e  are extremely  complex  and  per t i -  
nent   exper imenta l  data d o   n o t   p r e s e n t l y   e x i s t ,   f u r t h e r  clari- 
f i c a t i o n  of t h i s  sugges t ion   mus t  awaj-t f u t u r e  work. 

F i n a l l y ,   t h e r e  is a n   i n d i c a t i o n  t h a t  V -J phenomena 
* *  

may u l t i m a t e l y   i n f l u e n c e  the performance'characteristics of ' 

t he   quas i - s t eady  MPD arc je t .  F igure  29 i l l u s t r a t e s   t h e  
f u n c t i o n a l   r e l a t i a n s h i p   b e t w e e n   t h e  thermal e f f i c i e n c y  
and arc c u r r e n t  for the above a c c e l e r a t o r   c o n f i g u r a t i o n .  
Assuming tha t  JVc and JVA r e p r e s e n t  a l l  the power t h a t  is  
d e p o s i t e d   i n t o  the ca thode   and   anods   respec t ive ly ,   then  the 
thermal arcjet efficiency n e g l e c t i n g   r a d i a t i o n  is  defined a5 

t h  

P h y s i c a l l y ,  g t h  r e p r e s e n t s   t h e   f r a c t i o n   o f   i n p u t   e n e r g y  
which  appears as  p lasma  en tha lpy   dur ing   the  arc d ischarge .  
From a perforrnarxe  point  of v i e w ,  t,l e q u a l s  the maxirnurd 
a t t a i n a b l e  a rc je t  t h r u s t   e f f i c i e n c y   f o r  t h e  i d e a l  case wherein 
a l l  t h e  plasma  enthalpy .is c o n v e r t e d   i n t o  u s e f u l  t h r u s t .  For 
a r c   c u r r e n t s  less than J , ?lth monotonica l ly   increases .  Above 

S , however, the thermal   eff ic iency  assumes a c o n s t a n t  value o f  
approximately G!?"/, .  Iv"hc-fher or n o t  this t r end   r c ' p l e sen t s  a 
Eundamental l i x i t a t i o n  imposed by e l e c t r o d e  phenomena upon 
quasi-s teady a rc jc t  pcrforma!lce deserves  f u r t h e r  a t t e n t i o n .  

* 
$: 

! 

! 
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IV .  PLASMADYNAMIC  LASER  STUDIES 

.. . 

MPD Discharge i n  a Laser   Cavi ty   (Dut t )  

T h i s   s e c t i o n   d e s c r i b e s  progress on a set  of experiments  
in tended  t o  determine direct ly  whether l as ing  can be s u s t a i n e d  
i n  the d ischarge   and   exhaus t   reg ions  of an  MPD a c c e l e r a t o r .  A 

direct  e v a l u a t i o n  of l a s ing  is possible by  placing the region 
of p l a sma   unde r   cons ide ra t ion   w i th in  a r e s o n a n t   o p t i c a l   c a v i t y .  
I n  order  to m i n i m i z e  the v a r i a t i o n  of plasma properties a long  
t h e   o p t i c a l   a x i s  of t h e   r e s o n a n t   c a v i t y ,  a two-dimensional 
d i s c h a r g e  geometry was cons idered  desirable. 

me previous  semi-annual  report155 described t h e  important 
c h a r a c t e r i s t i c s  of the c a v i t y .  Progress d e s c r i b e d   i n   t h i s  re- 
pert i n c l u d e s   a )  the al ignment  of the c a v i t y  mirrors to form 
a r e s o n a n t   c z v i t y :  b) t h e   m e a s u r e d   d i s t r i b u t i o n s  of rad iance  
and   cur ren t   in   an   ambient   two-dimens iona l   d i scharge :   and  c )  t h e  
d e s i g n   a n d   c a l i b r a t i o c  of a mass in j ec t ion   sys t em  capab le   o f  
provid ing  a s h o r t  risetime, un i fo rmly   d i s t r ibu ted   mass   pu l se  
in   the   two-dimens iona l   geometry .  

Alignment   of   the   Cavi ty  Mirrors. 

Two concave iyirrors '1.5 c m  i n   d i a m e t e r   w i t h  a r a d i u s  of 
c u r v a t u r e   o f  C7.5  cm c o n s t i t u t e d   t h e   r e s o n a n t   c a v i t y .   T h e i r  
r e f l e c t i v i t i e s  w e r  97% and 99.7% i n   t he   wave leng th   r ange  
430 nm t o  530 nm, bh ich   i nc ludes  many of the   s t rong   emis s ion  
l ines   o f   ion ized   a rgon ,   k rypton ,   xenon alld many o the r   e l emen t s .  

An e x t e r n a l l y  mounted  helium-neon  laser,   wavelength 
632.8 nm, was  used to a l i g n   i n i t i a l l y   t h e   c a v i t y .  T o  e n s u r e  
t h a t   t h e   a x e s  of the c a v i t y  and N e - N e  l a s e r  w e r e  c o i n c i d e n t  
a n d   p a r a l l e l  t o  the   suppor t ing  I-beam, a d j u s t a b l e  irises 
mounted  on  an  dptical   benph ycre u s e d .   ' F o r   t h e   i n i t i a l   a l i g n -  
m e n t ,   t h e   m u l t i p l c   r e f l e c t i o n s  of t h e   l a s e r  beam o n   t h e   i n n e r  

P 

i 
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r e f l e c t i n g   s u r f a c e s   o f   t h e  mirrors were made to  c o i n c i d e .  
The He-Ne l a s e r  w a s  then removed. Subsequent ly ,  a commercial 
argon i o n  laser, w i t h  i ts  mirrors removed,  was p l a c e d   w i t h i n  
t h e   c a v i t y   ( F i g .  30a). The l a s e r   t u b e  was l i n e d  up  with the 
c a v i t y   a x i s   a n d  the d i s c h a r g e   i n i t i a t e d .   L a s e r   o u t p u t  was 
observed from the mirror of l o w e r  r e f l e c t i v i t y .  Minor   adjust-  
ments i n  the mirror p o s i t i o n s  w e r e  made t o  o b t a i n  the brightest 
ou tpu t .  Each mirror cou ld  be ro t a t ed   approx ima te ly  0.25O about  
a d i ame te r   be fo re   l a s ing   d i sappea red   comple t e ly .  The mirrors 
w e r e  e a s i l y   a d   j u s t a b l e  t o  w i t h i n  0.02O. The argon i o n  l a s e r  
t u b e  w a s  t h e n  removed. 

Fol lowing  a l ignment ,  the c a v i t y   c a n  now be used t o  in -  
v e s t i g a t e   w h e t h e r   c o n d i t i o n s   s u i t a b l e   f o r   l a s i n g   ( d e s c r i b e d  
i n  the previous  semi-annual report 155) e x i s t   i n  any medium 
w i t h i n  t h e   c a v i t y .  

Two-dimensiona 1 MPD Discharqe 

Experimental   arrangement .  The coaxial   geometry  predomi- 
n a n t   i n  MPD arc  work  was  considered  inadequate t o  p rov ide  a 
las inc;  medium because of t h e   l a r g e   g r a d i e n t s  of plasma prop- 
er t ies  a long   any  l i n e  o f  s i g h t   p e r p e n d i c u l a r  t o  t h e  MPD axis .  
S p e c i f i c a l l y ,   t h e   g a i n  of an  amplifying  region  could  be masked 
by   o the r   abso rb ing   r eg ions   e l sewhere   a long   t he  l i n e  or' s i g h t .  
I n   a d d i t i o n ,  a 1-onger a c t i v e  medium i s  p r e f e l z b l e   b e c a u s e   t h e  
o v e r a l l   g a i n  (or loss) w i t h i n   t h e  medium i s  cor respondingly  
i n c r e a s e d .   T h i s  would a l s o   p r o v i d e  a more accura te   de te rmina-  
t i o n  of t h e   g a i n  per u n i t   l e n g t h .  

To r e a l i z e   t h e s e   a d v a n t a g e s ,  a two-dimensional  version cf 
the MPD arc was des igned   and   cons t ruc ted   wi th   e lec t rodes   con-  
s ide rab ly   w ide r   t han   any   p rev ious ly  used  i n   t h i s   l a b o r a t o r y .  
T h i s  was in t ended  t o  p rov ide  a long  uniform  plasma  region  with 
v a r i a t i o n s   i n   t h e  plasma p r o p e r t i e s   c o n f i n e d  to  r e l a t i v e l y  
smal l   end   reg ions .  
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i n  
The proposed discharge geometry w a s  I l r i e f l y   d e s c r i b e d  

the previous   semi-annual   repor t .  155 It  c o n s i s t s  of three 
aluminum paral le l  plates ,  45-cm w i d e  by 0.95-cm t h i c k  as 
shown i n  Fig.  30b. The upper  and lower plates a re  anodes 
which extend 10 c m  out  of the b a c k p l a t e ,  w h i l e  the c e n t e r  
ca thode  plate  ex tends  o n l y  5 c m  from t h e  backplate. The 
p l a t e s  are t a p e r e d  a t  their  r ea r   ends  t o  f i t  i n t o  a 20-cm 
diameter P l e x i g l a s   c y l i n d e r  which passes through the c i rcu lar  
back   access  port i n  the large P l e x i g l a s   t a n k .  Electrical  con- 
t a c t  t o  the plates from o u t s i d e   t h e   t a n k  is  made b y   b r a s s   s t u d s  
pas s ing   t h rough   t he   P l ex ig l a s   cy l inde r .   Copper  plates connect  
the  b r a s s   s t u d s  t o  the capacit iv 'e  pulse-forming  network via  
a g a s   t r i g g e r e d   s w i t c h .  

When the assembly i s  i n   p l a c e   w i t h i n   t h e  vacuum t a n k ,  
the e l e c t r o d e   r e g i o n  l ies i n   L h e   l i n e   o f   s i g h t   o f   a n   o p p o s i n g  
p a i r   o f   t a n k  windows. The r e s o n a n t   c a v i t y  may t h u s  be p laced  
w i t h   t h e  mirrors o u t s i d e   t h e  windows t o  c o n t a i n   v a r i o u s  por- 
t i o n s   o f   t h e   d i s c h a r g e   r e g i o n .  

I n   o r d e r  t o  provide  a s u i t a b l e   l a s i n g   m e d i * m ,  the d i s -  
c h a r g e   m u s t   s a t i s f y   s e v e r a l  c r i t e r i a .  One impor t an t   r equ i r e -  
ment is  t h a t  the components of t h e   c u r r e n t   t o   t h e  two anodes 
be e q u a l   f o r   t h e   d i s c h a r g e  t o  be h o r i z o n t a l l y  symmetric. I t  

should be noted   kha t   the  t w o  anodes   a r e  not p h y s i c a l l y  con- 
n e c t e d   i n s i d e   t h e  vacuum tank .   Second ,   t he   cu r ren t   d i s t r ibu -  
t i o n   m u s t  be diffuse  and  approximately  uniform ?cross t h e  
e n t i r e  w i d t h  of t h e   e l e c t r o d e s  w i t h  r e l a t i v e l y   s m a l l   f r i n g i n g  
e f f e c t s .   F i n a l l y ,   n o t   o n l y   m u s t   t h e   c u r r e n t  be uniformly 
d i s t r i b u t e d   b u t  mass  must a l s o  be i n j e c t e d   u n i f o r m l y   a c r o s s  
t h e   e l e c t r o d e   w i d t h   i n   o r d e r   t o ' g u a r a n t e e   u n i f o r m   p l a s m a  
p r o p e r t i e s   i n   t h e   c a v i t y .  

I n   o r d e r  t o  de termine   whether   these  c r i te r ia  a r e   s a t i s -  
f i e d   f o r   o u r   d i s c h a r g e   c o n f i g b r a t i o n ,   s e v e r a l   e x p e r i m e n t s  
w e r e  conducted   in   an   ambient   gas   d i scharge .  T h i q  t echnique  
has b e e n   f o u n d   u s e f u l   i n   t h e   p a s t   f o r   e x a m i n i n g   t h e   f e a s i -  

i 
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b i l i t y  of a p a r t i c u l a r   e x p e r i m e n t a l   c o n f i g u r a t i o n   w i t h o u t  
the added  complexi ty  of a mass i n j e c t i o n  system. 

Ambient Gas  DiscLtlrqo Operation. For  these i n i t i a l  tests, 
the vacuum t a n k   w a s   f i l l e d  w i t h  argon t o  p r e s s u r e s   v a r y i n g  be- 
t w e e n  2 5 ~  and 3 0 0 ~  of  mercury.  This is a l s o   t h e  range o f  f i l l  
pressures for c o n v e n t i o n a l  argon ion  lasers. During a d i s c h a r g e ,  
the t e rmina l  v o l t a g e  w a s  measured  usinq a Tek t ron ix   vo l t age  
probe. The c u r r e n t  d i s t r i b u t i o n   b e t w e e n  the two ancdcs  was mea- 
s u r e d   b y   p a s s i v e   i n t e g r a t i o n   o f   s e p a r a t e  Rogowski co i l  s i g n a l s .  

Oscillogram trhces of c u r r e n t   a n d   v o l t a g e   a r e  shown i n  
F i g .   3 1   f o r  a t o t a l  c u r r e n t  o f  65 kA s u p p l i e d   f o r  200 psec. 
The t w o  uppermost traces r e p r e s e n t   t h e   c u r r e n t s  J1 and J2 t o  
the  upper   and lower a n o d e s ,   r e s p e c t i v e l y .  The o t h e z   t r a c e s  
are v o l t a g e   r e c o r d s   f o r   v a r i o u s   a m b i e n t  pressures. 

C u r r e n t  measurement  over a v a r i e t y  of o p e r a t i n g   c o n d i t i o n s  
show t h e   c u r r e n t   d i v i s i o . 1  t o  be quas i - s teady ,   and   in  a l l  c a s e s  
J1 and d i f f e r   b y  less t h a n  5%. The d e v i c e   t h u s   s a t i s f i e s  
t h e   i m p o r t a n t   c o n d i t i o n  of e q u a l   d i v i s i o n   o f   c u r r e n t  b e t w e e n  
the t w o  anodes.  

u2 

The v o l t a g e  traces e x h i b i t   t h e   f a m i l i a r   d r o p  t o  a minimum 
a f t e r   d i s c h a r g e   i n i t i a t i o n ,   f o l l o w e d   b y  a r ise t o  a q u a s i -  
s t e a d y   v o l t a g e   l e v e l .   T h e s e   f e a t u r e s   a r e   u s u a l l y   a s s o c i a t e d  
w i t h   i n s u l a t o r   a b l a t i o r l ,   i n   t h i s   c a s e   c a u s e d   b y   o p e r a t i o n   i n  
the   ambient  mode. 

“ Photographic  Stu.dy. Photographs of the d i s c h a r g e  w e r e  
t a k e n   f o r  a l i m i t e d   r a n g e   o f   c o n d i t i o n s   a s   i n d i c a t e d   i n   t h e  
t a b l e  b e l o w .  

Table  11. Photographs of A m b i e n t  Discharge 
” -._______ -. . ,__ . - ”” 
F i g u r e  Cur ren t  Camera Lens Neut ra l   Dens i ty  
Number Amplitude  Duration Aper ture  F! l t e r  

3 2h 8.0 k A  0.92 msec f / 3  2 50% 
32c 15.6 0.92  f/32 50 
3 2d 15.6  0.92 f / l l  10 
3 2e 65.0  0.20  f/16 10 
3 3b 15.6 0.92 f/l1 10 

. ”” 
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A t  8 kA the luminos i ty  is conf ined  t o  one-half O f  the 
discharge width   (F ig .  32b) i n d i c a t i n g  tha t  t h i s  c u r r e n t  is 
i nadequa te  t o  d r i v e  the 45-cm wide   d i scharge .  A t  a higher Cur- 
r e n t  o f  15.6 Wi t h e ' d i s c h a r g e   a p p e a r s  t o  be d i s t r i b u t e d   m o r e  
evenly  but it is  still much brighter on   one   s ide ,   F ig -  325. A 

d i f f e ren t   pho tograph  of t h i s  same d i s c h a r g e   i n   F i g .  32d t a k e n  a t  
a d i f f e ren t   combina t ion   o f   l ens   ape r tu re   and   neu t r a l   dens i ty  
filter shows i t  to  be more uniform. When the Current  was i n -  
c r e a s e d   s u b s t a n t i a l l y  t o  65 kA, the   d i scharg 'e   appeared  more 
l a t e r a l l y  symmetric b u t   e x h i b i t e d  bright areas nea r  the ends 

of the e lec t rodes ,   F ig .   32e .  

A s ide   v i ew a t  15.6 kA (Fig.  33b) shows the d i s c h a r g e  t o  
be h o r i z o n t a l l y  symmetric. The b r i g h t   r a d i a n c e   c l o s e  t o  the 
ends of t h e   e l e c t r o d e s   o r i g i n a t e s  o n  the s u r f a c e s  of the in-  
s u l a t i n g   s i d e w a l l s ,  as can  be seen  by  comparing t h i s  photograph 
w i t h  the no-discharge  photograph shown i n   F i g .  3 3 3 .  

The  more u n i f o r m   d i s t r i b u t i o n  of 1umir.osity  which i s  oh- 
se rved  a t  t h e   h i g h e r   c u r r e n t s  may be t aken  as  a n   i n d i c a t i o n   o f  
a r e l a t i v e l y   u n i f o r m   d i s t r i b u t i a n  of c u r r e n t  and  plasma  para- 
meters, b u t  it i s  n o t   i n   i t s e l f   s u f f i c i e n t   e v i d e n c e   o f   u n i f o r m -  
ity. I t  does   sugges t   however ,   tha t   the   p lasma  proper t ies  are 
more uniform a t  h i g h e r   c u r r e n t   l e v e l s .   T h i s   f a v o r s   t h e   c h o i c e  
o f   h i g h   c u r r e n t   l e v e l s   f o r  a f ine r   and  more extensive  mapping 
of t h e   c u r r e n t   d i s t r i b u t i o n   i n   t h e   d i s c h a r g e .  

Curren t   Dis t r ibu t ion .   Measurements   o f   magnet ic   f ie ld  may 

be u s e d   t o   d e t e r m i n e   n o t   o n l y   t h e   u n i f o l m i t y   o f   c u r r e n t   d i s t r i -  
b u t i o n  across the d i s c h a r g e   b u t  also t o   e v a l u a t e   t h e   c u r r e n t  
d e n s i t i e s   w i t h i n   t h e   d i s c h a r g e   r e g i o n s .  

To f a c i l i t a t e  the r e d u c t i o n  o f   m a g n e t i c   f i e l d   d a t a  a 
coord ina te   sys tem shown. i n   F i g .  302, w a s  u sed  w i t h  the o r i g i n  
c e n t r a l l y   l o c a t e d  on  the   ca thode   t i p .   Three  similar probes  
w e r e  u s e d ,   i n s t e a d  of one, t o  spee'd up the probing   of   such  a n  
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ex tens ive   d i scha rge   r eg ion .  The probes w e r e  mounted on a 
m o v a b l e . p l a t f o r m   w i t h i n   t h e  vacuum t a n k   w i t h   t h e i r  stems orien- 
t e d   p a r a l l e l   t o   e a c h   o t h e r   a n d   p o i r k i n g   i n   t h e   n e g a t i v e  Z 

d i r e c t i o n .  The axes of t h e   p r o b e  ccils  w e r e  i n   t h e  X d i r e c -  
t i o n  so t h a t   t h e  component dX of the   magnet ic   f ie ld   would  be 
measured. This was  expected t o  be the  dominant  component  for 
t h e   g i v e n   o r i e n t a t i o n  of e l e c t r o d e s .  Probes #1 and 2 w e r e  on 
t h e  same h o r i z o n t a l .   p l a n e  21.6 cm apa r t   wh i l e   p robe  #3  was 
5.7 c m  d i r e c t l y   b e l o w   p r o b e  #2 (Fig.   34a) .  The p r o b e   c o i l s  
w e r e  a l l   a t   t h e  same z value .  

The m a g n e t i c   f i e l d  Bx was  measured a t  a  few l o c a t i o n s  in 
t h e   d i s c h a r g e   a t   t h e   i n t e r m e d i a t e   c u r r e n t   l e v e l ,   1 5 . 6  kA. OS- 

ci l lograms  reproduced i n  t h e   l e f t  column of Fig.  34b r e p r e s e n t  
m a g n e t i c   p r o b e   s i g n a l s   a t   l o c a t i o n s  x = -21.6, 0 and  +21.5 c m  
o n  t h e  l i n e  y = 4 c m ,  Z=-3.8 c m .  Corresponding   osc i l lograms  for  
t h e  65 WI c a s e   a r e  shown i n  t h e   r i g h t   h a n d  column of Fig.  34b. 
The traces i n d i c a t e   t h a t   a t   t h e   l o w e r   c u r r e n t ,   t h e   f i e 1 2  com- 
ponent Bx and  consequent ly   the  c u r r e n t  d i s t r i b u t i o n   r e m a i n  un- 
s t e a d y   f o r  a l a r g e   p a r t   o f   t h e  0.9 msec pu l se .  A t  t h e   h i g h e r  
c u r r e n t ,  65 WA, t h e   d i s c h a r g e  becomes  quasi-steady i n  about  
1 2 0  psec. 

The d i s t r i b u t i o n   o f   t h e   q u a s i - s t e a d y   v a l u e s  of Bx i n  t h e  
x d i r e c t i o n  i s  shown i n  Fig.  35 . for   p robing   a long   th ree  l ines  
a t  t h e   y =  2 c m  p l ane .   These   l oca t ions   co r re spond   t o   t he   i n su la t -  
i n g   b a c k p l a t e  Z =  3.8 cm, the   ca thode   f ron t   edge ,  Z =  0, and   the  
anode  f ront   edge,  Z =  5.1 cm, r e s p e c t i v e l y .  

The  most  important.   conclusion  from  these  data i s  t h a t   t h e  
d i scha rge  i s  u n i f o r m   a c r o s s   t h e   e n t i r e  45-cm w i d t h  of t h e  
electroc73s a t   l o c a t i o n s   c l o s e   t o   t h e   i n s u l a t i n g   b a c k p l a t e ,  Fur- 
t h e r  away from t h e   b a c k p l a t e   t h e   p r o f i l e  i s  less uni form  wi th  a 
Bx of one-half  i t s  maximum v a l u e   r e c o r d e d   a t   t h e   e d g e s   o f   t h e  
e l e c t r o d e s .  The r e a s o n   f o r   t h i s   d e c r e a s e  i n  t h e   f i e l d  may be 
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t ha t  the i n s u l a t i n g   s i d e w a l l s ,  w h i c h  are p a r t i a l l y   c u t  away 
(see Fig.  30b), p e r n i t  the c o r r e n t  t o  f r i n g e   n e a r  the Znds of 
the e l e c t r o d e s .  The l a te ra l  f r i n s i n g  of cu r ren t   ccmtour s  is 
subs tan t ia ted   by   measurements  of B which have   va lues  comparzblc 
to  Bx a t  the edges  of the discharge,   dc%nstream  from the back- 
p l a t e .  It i s  expec ted  tha t  t h i s  small departurs   f rom  uniform- 
ity w i l l  be c o r r e c t e d  by u s i r g  more ex tens ive   s idewa l l s .  

Y 

To e v a l u a t e  the v e c t o r   c u r r e n t   d e n s i t y  3, a l l  the com- 
ponents  of the m a g n e t i c   f i e l d   w i t h i n  the 'discharge must be 
known. However, i n  these i n i t i a l   e x p e r i m e n t s   o n l y  B,, the 
dominant  component of the m a g n e t i c   f i e l d ,  was measured i n  some 
detail  o v e r   t h e   e n t i r e   r e g i o n  of the d ischarge .   For  a t o t a l  
c u r r e n t  of 65 kA these measurements lead t o  an   average   va lue  of 
j = 9 3  A/cm2 be tween  the   ca thode   and   anode   in   the   p lane   conta in-  
i n g  the anode   f ron t   edges   abou t   t he  symmetry, o r  z ,  a x i s .  I f  

the other   comgcnents  of B had  been  included,  j would be some- 
w h a t  larger. I t  should  be n o t e d   t h a t  the va lue  of j i s  i n  
excess of t h e   t y p i c a l  threshold c u r r e n t   d e n s i t y ,  50 A/cm , for 
convent iona l   a rgon   ion  laser ope ra t ion ,   a l t hough  the s i g n i f i -  
cance  of this comparison i s  n o t   y e t  known f o r  this d i s c h a r g e  con- 
f i g u r a t i o n .  

2 

The exper iments  w i t h  the anbient   a rgon  f i l l  d i scharge   opera-  
t i o n  show t h a t  a f a i r l y   u n i f o r m   d i s c h a r g e  of s u f f i c i e n t l y   h i g h  
c u r r e n t   d e n s i t y   c a n  be s u s t a i n e d .  However, the  vol tage  measure-  
m e n t s   i n d i c a t e   t h e   p o s s i b l e   p r e s e n c e  of s d b s t a n t i a l   a b l a t i o n  
p r o d u c t s   i n  t h e  d i s c h a r g e .   I n  order 'io o p e r a t e  the  d i s c h a r g e   i n  
a pure  argon  plasma, a means  of i n j e c t i n g   u n i f o r m l y  a s u f f i c i e n t  
mass flow of a rgon   gas   i n to   t he   d i scha rge   mus t  be provided.  T h e  

des ign  of such a system is  p r e s e n t e d   i n   t h e   f o l l o w i n g   s e c t i o n .  

Mass In j ec t ion   Sys t em 

Desiqn.  The mass in j ec t ion ' sys t em  shou ld   p rov ide  a uniform- 
l y   d i s t r i b u t e d   q u a n t i t y  of gas i n t o   t h e   d i s c h a r g e   r e g i o n  a t  a 



ra te  tha t  e n a b l e s  a cp:asi-steady  discharge t o  be main ta ined  
w i t h  minimal ablation. From previous   exper iments  w i t h  a 15-cm 
w i d e   p a r a l l e l   p l a t e  accelerator, t h e  mass flow r e q u i r e d  for  the 
h i g h e s t   c u r r e n t   a n t i c . i p a t e d  (%80 kA) may be g r e a t e r   t h a n  
100 g/sec. 128 

The risetime of the mass p u l s e  i s  also c r u c i a l  i n  t h a t  the 
mass i n j e c t e d   p r i o r  t o  d i s c h a r g e  i n i t i a t i o n  r a i s e s  the back- 

g round   p re s su re  i n  the vacuum tank .  To the e x t e n t  t h a t  t h i s  
background  pressure  can be compared t o  the i n i t i a l  f i l l   p r e s s u r e  
of conven t iona l   a rgon  i o n  lasers, t h e  risetime takes  on  added 
s ign i f i cance .   Conven t iona l   a rgon  ior. lasers o p e r a t e  w i t h  a c o l d  
gas f i l l i n g  p r e s s u r e   i n  the range  from 2 5  to 300 p. I n  corn- 

p a r i s o n ,  a 100 g/sec mass pu l se  w i t h  3 10  msec risetime w i l l  

raise t h e   a v e r a g e   p r e s s u r e   i n   t h e  present vacuum tank  t o  approxi-  
mate ly  400 p. Although a str ict  comparison  between the tWO 

p r e s s u r e s  i s  not   warran ted   because  of t h e   d i f f e r e n c e s   b e t w e e n   t h e  
c o n v e n t i o n a l   l a s e r   a n d   t h e   p r e s e n t  dynamic  system, it i s  nevcr- 
thelcss appa ren t  that  the risetime should be k e p t  as s m a l l   a s  
p o s s i b l e .  

The mass i n j e c t i o n   s y s t e m  i s  shown i n  F ig .  36a. A s t anda rd  
gas c y l i n d e r  was pos i t i oned   immedia t e ly   ou t s ide  the vacuum tank  
and  connected w i t h  a tee arrangement t o  t h e  two so leno id   va lves  
f i x e d  t o  t h e  s ide  of the ' n s u l a t i n g   b a c k p l a t e .  The v a l v e s   a r e  
Sk inne r   t ype  V 5 2  w i t h  a nominal  diameter of 0.8 c m .  Holes 
d r i l l e d   t h r o u g h   t h e   s i d e  of  t h e   i n s u l a t i n g   b a c k p l a t e   c o n n e c t   t h e  
v a l v c r ;   t o  t w o  p lena   which   run   across   the   backpla te .  Each  plenum 
is  a 0.95-cm square  channel  machined o u t  of the   P l ex ig l a s   back -  
p l a t e .  The p lena  are clcsed by t w o  r e c t a n g u l a r   p l a t e s  (0.63-cm 
th i ck )   wh ich   cove r   t he   i n t e rc l ec t rode   r eg ion .   The re  are n i n e  
e q u i d i s t a n t  holes of 0.159-cm diamete r on e a c h   p l a t e   d i r e c t l y  
i n   f r o n t  of t h e  plenum. 

The so lenoid   va lves   a re   opened   by   d i scharg ing   an   850  pF 

c a p a c i t o r   t h r o u g h  them. Earl ier  experiments   have shown t h a t   t h e  
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t w o  va lves   open  almost s imul t aneous ly ,   de l ive r ing  gas i n t o  the 
t w o  plena.   The  nine holes i n  each plenum allow the gas t o  
escape and f i l l  the discharge chamber.. 

The e f f e c t i v e   c h o k i n g  area o f  each v a l v e  is 0.196 cm . The 
2 

t o t a l  area o f   t h e  9 holes is  0.181 c m  . T h u s ,   i r r e s p e c t i v e  of 
t he  d i s c h a r g e   c o e f f i c i e n t  CD of the holes, the f l o w  when steady 
w i l l  choke a t  the n i n e  e x i t  holes. The advantage   o f  such a n  
arrangement  is  tha t  when the d i s c h a r g e  commences the f low  ad jus t -  
ment t ime. is  small, t hus   a l lowing   quas i - s t eady   ope ra t ion  to be 
r e a c h e d   i n  a shorter t i m e .  

2 

Performance. A f a s t   i on iza t io r?   gauge   (Var i an  Millitorr) - 
w a s  p l a c e d   a t   v a r i o u s   i o c a t i o n s   w i t h i n  the t a n k   i n   o r d e r  t o  

dctc.rmine the un i fo rmi ty  of t h e   c o l d   f l o w .  The t i m e  €or t h e  
f l o w  to reach  a q u a s i - s t e a d y   s t a t e  was  measured i n   a d d i t i o n  t o  
thc , i i sk . i ibu t ion  of p r e s s u r e   o n c e   t h e   s t e a d y   s t a t e  was  reached. 

A r l : lp rc?senta t i l re   osc i l logram  of   the   ion iza t ion   gauge  o u t -  
p u t  i s  shown in   F ig .   36b .  The pressure a t   t h e  anode  region 
reaches  a s t e a d y  vFLue i n   a b o u t  2 msec. A p r o f i l e  of stead;, 
s t a t e  pressure d i s t r i b u t i o n   a t  y = 3 c m ,  Z = 5.1 cm is  shown 
i n  Fit,. 37 .  The pesh- to- t rough  var ia t ion  i s  +15.;/ abou t   t he  
mean, w h i l e   t h e   d e c r e a s e  i n  t h e   a v e r a g e   p r e s s u r e  from t h e  left- 

to r igh t  i s  5 8% c o n s i s t e n t   w i t h   t h e   v a l v e   l o c a t i o n  on  t h e  
l e f t  or n e g a t i v e  x end.  Thcsc d a t a  show t h a t   t h e  flow reaches  
a s t e a d y   s t a t e   q u i c k l y   a n d  is  reasonably  u n i f o r m  i n   t h e  >c 

d i  rcc t ion.  

C a l i b r a t i o n   o f   t h e  Mass I.'low R a t e .  The mass flow was ca l -  I.""" __ "" 

i b r a t e d   a s   d e s c r i b e d   i n   e a r l i e r   s e m i - a n n u a l  rcports. 
A H c w l c t ,  Packsrd Pulse Gener3tor  was used t o  g e n e r a t e  z squa re  
wave l . ~ s t i n g   2 . 5  t o  10.1 msec. The squa re  wave  was d i f f e r e n -  
t i a ' t e d ,   w i t h   t h e   r e s u l t a n t   p o s i t i v e   a n d   n e g a t i v e   s p i k e s  used  
to t a i l o r   t h e   v o l t a g e   p u l s e  t o  t h c   v a l v e s .  The p o s i t i v e   s p i k e  
a l lows  the prcvious ly   chargcd   850  pF c a p a c i t o r  to d i s c h a r g e  

119,146 
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i 
i n t o  the valves, opening them a f t e r  a smal l   de lay .  The nega- 
t i v e  spike shorts o u t  the c a p a c i t o r   a l l o w i n g  the v a l v e s  t o  
close. With, the  vacuL.n pmps i s o l a t e d ,  the p r e s s u r e  rise i n  
the tank due t o  the i n j e c t e d   m a s s   p u l s e  i s  measured  using a 
McLeod gauge. 

By a l t e r ing  the length of the squa re  wave and   thus  the 
ilme i n t e r v a l   b e t w e e n  the  s p i k e s ,  the mass o f  gas admi t ted  i n t o  
the vacuum chamber can  be varied. A minimum p u l s e  length tmin 
exists below which the valve  never   Sul ly   opens  and t h u s  the 
f l o w  r a t e   t h r o u g h  the va lve   does   no t   reach  the chokcd f l o w  r a t e  
a s s o c i a t e d  w i t h  the p a r t i c u l a y   s t a g n a t i o n   p r e s s u r e .  For p u l s e  
lengths  g r e a t e r   t h a n  the minimum, a f ixed  mass   f low is  ob ta ined ,  
and the t a n k   p r e s s u r e   i n c r e a s e s   l i n e a r l y  w i t h  t - tmin. The 
slope o f  the t a n k   p r e s s u r e  rise v s .   p u l s e   l e n g t h   f o r  t i m e  
g r e a t e r   t h a n   t h e  minimum t h u s   y i e l d s   t h e  mass f l o w   r a t e .  

A t y p i c a l   c a l i b r a t i o n   c u r v e   g i v e s  -In a v e r a g e   p r e s s u r e  r ise  
o f  1.81 p/msec f o r  a s t a g n a t i o n   p r e s s u r e   o f  1.34 (10 ) N/m ( 5  psig? 
Using the t a n k  volume o f  1 . 2 2  m3 and  an  assumed  ambient temper- 
a t u r e  of 295 OK, the  mass flow i s  c a l c u l a t e d  t o  be 4.74 g/sec. 
S imi l a r   measu remen t s   a t   doub le   t he   abso lu t e   p re s su re   g ive  t w i c e  
t h e  mass  f low  ver i fying the choked  flow  assumption. 

5 2 

Summary . 
The r d s u l t s   a n d   c o n c l u s i o n s  of the   exper iments   descr ibed  

i a  t h i s  r e p o r t  may be summarized a s  fol lows.  

Alignment  of the c o n s t r u c t e d   o p t i c a l   c a v l t y  w i t h  a com- 
m e r c i a l   3 r g o n   i o n   l a s e r   S o u r c e  i s  r e a d i l y  accomplished.   This  
c a v i t y  is now being  adapted €or f i r s t   e x p e r i m e n t s   w i t h  the 
l a r g e   P l e x i g l a s  vacuum tank.  

The two-dimensional   discharge geometry was c o n s t r u c t e d  
a n d   t e s t e d   i n  <ambient  argon. a t   p r e s s u r e s  around 2 0 0 ~ .  Rogowsky 
c o i l  measllrements  showed  th'at i n   a l l  cases t h e   c u r r e n t  was d i s -  

t r i bu ted   even ly   be tween  the t w o  anodes. In: a d d i t i o n ,   f o r  
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s u f f i c i e n t l y  la rge  c u r r e n t s  the d i s c h a r g e  d i s t r ibu ted  itself 
t o  provide a uniform l u m i n o s i t y  and magnetic f ield along the 
width o i  t h e  electrodes. The magnetic f i e l d  d i s t r i b u t i o n  w a s  
less uniform away from the i n s u l a t i n g   b a c k p l a t e ,   p r o b a b l y  
because res t ra in ing  s i d e w a l l s  w e r e  a b s e n t  there. Large side- 
walls a re  p r e s e n t l y   u n d e r   c o n s t r u c t i o n .  

For  a total  c u r r e n t  of 65 kA t h e  c u r r e n t  d e n s i t y   i n  the 
middle of the d i s c h a r g e  was e s t i m a t e d  t o  be twice the threshold 
c u r r e n t   d e n s i t y   r e q u i r e d  for a r g o n   i o n   l a s e r   o p e r a t i o n   i n   t h i n  
tubes.  About half  of the t o t a l   c u r r e n . .  w a s  found t o  a t t a c h  on  
the outer s u r f a c e s  of the anodes. This s u g g e s t s   t h a t  the cur -  
r e n t  dens i ty  could be i n c r e a s e d   i n  some p a r t s  of the d i s c h a r g e  
by i n s u l a t i n g  the o u t e r   s u r f a c e s   o f  the al.r.odes. 

As w a s  e x p e c t e d ,   a b l a t i o n   o f   t h e   P l e x i g l a s   i n s u l a t o r s  oc- 
cu r red   du r ing  the d i s c h a r g e ,   e s p e c i a l l y   a t   t h e  larger c u r r e n t s .  
T h e s e   i n s u l a t o r s  w i l l  be r e p l a c e d  o r  cove red   w i th  some r e f r a c -  
t o r y   m a t e r i a l   s u c h  as q u a r t z  or b o r o n   n i t r i d e .  This w i l l  re- 
duce the contaminat ion   and   a l low a c l e a r e r   i n t e r p r e t a t i o n  o€ 
the observed  phenomena. 

A mass i n j e c t i o n   s y s t e m  was designed  and  constructed.  
Measuremen t   o f   co ld   f l ow  p rpssu re   d i s t r ibu t ion   ac ross   t he  dis-  

charge   reg ion  showed it  t o  be reasonably  uniform. The  mass 
out f low was expe r imen ta l ly   de t e rmined .   Su f f i c i en t ly   h igh   mass  
flows  can be o b t a i n e d  a t  s t a g n a t i o n   p r e s s u r e s   o f   s e v e r a l   a t -  
mosphe res   w i th   t he   poss ib l e   add i t ion  of two o t h e r   v a l v e s .  

These r e s u l t s  show t h a t  a quasi-s teady  uniform two-dimen- 
s i o c a l   d i s c h a r g e   c a n  be obta ined  over wide  plates ,   accompanied 
b y   u n i f o r m   g a s   i n j e c t i o n   a t   d e s i r e d   l e v e l s .   E x p e r i m e n t s   c a n  
t h u s  be performed to de termine   whether   l as ing  is possible i n  
t h e  medium under   va r ious   cond i t ions .  

i 
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V. HOLLOW CATHODE STUDIES (Krishnan)  

Advantage was t aken  of the   recent 'move  of t h e  Electric 
Propuls ion  Labora tory  to  redes ign   the   pu lse- forming   ne twork  
t o  g e n e r a t e   l o n g e r   c u r r e n t  pulses. The new p u l s e   l e n g t h s  
a.re 500 ysec i n  t h e   p a r a l l e l  and 2 msec i n  t h e  series con- 
f i g u r a t i o n s  a s  compared   wi th   200psec   and   800psec ,  respec- 
t i v e l y ,  from the   p rev ious   a r rangement .  The d i scha rge  cham- 
ber and its support ing  equipment  w e r e  also rear ranged  t o  
allow g r e a t e r   a c c e s s i b i l i t y   f o r   p h o t o g r a p h i c   a n d   s p e c t r o -  
scopic s t u d y  of the   ho l low  ca thode   d i scharge .  

I n  ear l ier  s t u d i e s   t h e   d i s t r i b u t i o n s  of c u r r e n t   a n d  
po ten t i a l   w i th in   and   abou t   ho l low  ca thodes  of d i f f e r e n t  con- 
f i g u r a t i o n s ,   d e s i g n a t e d   a s  HC-1 t o  H C - V I I I ,  were determined 
i n  o r d e r  t o  e s t a b l i s h  some of t h e   c h a r a c t e r i s t i c s   o f   t y p i c a l  
ho l iow  ca thode   pera at ion."^'^^^ These   s tud ies   have   been  
con t inued   w i th   two   add i t iona l   ho l low  ca thodes ,   des igna ted  
HC-X and HC-XI ,  i n   o r d e r   t o   d e t e r m i n e   t h e   d i s t r i b u t i o n s  of 
c u r r e n t  a n d   p o t e n t i a l   w h i c h   d i s t i n g u i s h   t y p i c a l   h o l l o w   c a t h o d e  
o p e r a t i o n   i n  a h i g h   c u r r e n t   d i s c h a r g e .  For reasons  of ex- 
ped iency ,   t he   mos t   r ecen t  two hol low  cathodes HC-X and HC-XI 

w e r e  manufactured  of s t a i n l e s s  s t e e l   i n s t e a d  of t u n g s t e n   a s  
w e r e  a l l   t h e   p r e v i o u s   c o n f i g u r a t i o n s .   T h e r e f o r e ,  i n  o r d e r  
t o  compare  the  experimental  r e su l t s  wi th   t hose   acqu i r ed  
p r e v i o u s l y ,   o n e   a d d i t i o n a l   s t a i n l e s s  s tee l  ca thode ,  HC-IX,  

o f   t h e  same d imens ions   a s   t he   t ungs t en  H C - V I I I ,  was manu- 
f a c t u r e d   t o   r e c o r d   a n y   d i f f e r e n c e s   i n  i t s  e l e c t r i c a l   c h a r -  
a c t e r i s t i c s ,   a s  w e l l  a s   t o  check o u t  t h e   o p e r a t i o n  of t h e  
improved f a c i l i t y   i n   t h e   r e l o c a t e d   l a b o r a t o r y ,  
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T h i s   r e p o r t   d e s c r i b e s   i n  i t s  f i r s t  section the modifica- 
t i o n s  and improvements of the k.0110~ cathode  f ac i l i t y .  The 
second section p r e s e n t s  the r e s u l t s  of s t u d i e s  w i t h  the two 

a d d i t i o n a l  new hollow ca thode   conf igu ra t ions .  These s t u d i e s  
b r i n g  t o  a c o n c l u s i o n  the first phase of the i n v e s t i g a t i o n  
of the characteristics of hollow cathode o p e r a t i o n  i n  a h i g h  
c u r r e n t   d i s c h a r g e .  

" Expanded "- H o l l o w  Ca thode   D i schs rqe   Fac i l i t y  

The major change i n  the hol low  cathode f a c i l i t y  i s  a n  
e x t e n s i o n  of the pulse-forming  network t o  provide longer cur -  
r e n t   p u l s e s  a t  t h e  same c u r r e n t   l e v e l s  as before. The previ -  
ous pulse-forniing  network  provided  approximately 4 t o  20 k A  

f o r  200 psec  when ar ranged  i n  the p a r a l l e l   c o n f i g u r a t i o n  or 
1 t o  5 kA fo r   800  p s e c  when i n   t h e  series c o n f i g u r a t i o n .  The 
o l d   f a c i l i t y ,   w h i c h  w a s  d e s c r i b e d   i n  a p rev ious   r epor t ,  
c o n s i s t e d  of 4 r o w s  of i n d i v i d u a l   t r a n s m i s s i o n   l i n e s   o f  9 

c a p a c i t o r s  each, g i v i n g   t h e   c a p a c i t o r   b a n k  a t o t a l  c a p a c i t a n c e  
of 940 pF. 

14 3 

The new f a c i l i t y   c o n s i s t s  of 4 i n d i v i d u a l   t r a n s m i s s i o n  
l ines ,   each  assembled  f rom 2 1  e q u a l   s e c t i o n s  of 6.6 p H  series 
inductors   and  2 7 . 1  pF s h u n t   c a p a c i t o r s  a s  shown i n   F i g .  38. 
The t o t a l  c a p a c i t a n c e  of t h i s  new bank is  2.35 mF. With t h i s  
l a rge r   ne twork   t he   l i ne   s egmen t s   can  be a r r a n g e d   i n   p a r a l l e l  t o  
provide  approximately 4 t o  20 kA €or 530 psec o r  i n  series t o  
provide  1 t o  5 kA €or 2 msec, t h u s   y i e l d i n g   c u r r e n t   p u l s e s  2-1/2 

times as long a t  t h e  same c u r r e n t   l e v e l s  as  t h e  older  and smaller 
capac i to r   bank .  A photograph of the   capac i to r   bank  i s  shown i n  
Fig.  39. 

V o l t a g e   r e v e r s a l  across any of the c a p a c i t o r s   i n   t h e   p u l s e  
forming  network must  be avoided to prevent  damage, I n   a d d i t i o n ,  
even a l o w  l e v e l  of reversed   curyenc  is  u n d e r s i r a b l e   s i n c e  i t  



.. . , . . , 

. .... 

R =  
i 

LMPD ARC # 2  ' I # a 4 1  

PULSE FORMING NETWORK. SCHEMATIC 



VIEW OF PULSE FORMIIIG NETWORK 



-85- 

changes the p o l a r i t y   o f  the e l e c t r o d e s  of the MF'D appa ra tus .  
The r e s u l t i n g   c h a n g e  i n  the d i s t r i b d t . i o n   o f   r a d i a n c e  from t h e  

d i scha rge   comple t e ly   masks   t he   ac tua l   quas i - s t eady  s t a t e  of the 

d i s c h a r g e  i n  photography  and  spectroscopy u n l e s s  high speed  
r e s o l u t i o n   t e c h n i q u e s  are used. 

To p reven t  a v o l t a g e   r e v e r s a l  i n  the  network  due t o  t h e  
mismatch betLJeen the network  impedance ZN and the 10 mR ac- 
celerator impedance ZA,  a resistor R must be c o n n e c t e d   i n  
series between the network  and the accelerator as shown i n  
Fig.  38. If the value of the resistor R = Z N - Z A ,  t h e n  t h e   l o a d  
formed  by the accelerator and the resistor is  e f f ec t ive ly   ma tched  
t o  the  network  and no a p p r e c i a b l e   v o l t a g e   r e v e r s a l   o c c u r s   v h e n  
the  network i s  d i scha rged  across t h e   l o a d .  

The series a n d   p a r a l l e l   c o n f i g u r a t i o n s  of the l a d d e r  n e t -  
work use  ~ 7 e c t r o l y t i c   l o a d  resistors of 410 mR and 1 2 2  mR re- 
spec t ive ly .   These  resistors, shown i n  the 1ot:er l e f t  of Fig.  
39, consist  o f  2 c o p p e r   p l a t e s  0.08 c m  t h i c k ,  33 c m  x 63 c m ,  
w i t h  a s e p a r a t i o n   o f  5 c m  suspended i n ' a   p o l y e t h y l e n e   t u b   f i l l e d  
wi th  56 liters o f   c u p r i c   s u l p h a t e   e l e c t r o l y t e .   B e s i d e s   t h e i r  
s i m p l i c i t y   a n d  low i n i t i a l  cost ,  t h e s e  resistors are p a r t i c u l a r -  
l y  advantasJeous f o r   t h i s   a p p l i c a t i 3 n   d u e   t o   t h e   v e r y   l a r g e   h e a t  
c a p a c i t y  of t h e   l i q u i d .  I t  is e s t i m a t e d   t h a t   t h e   t e m p e r a t u r e  of 
t h e   s o l u t i o n  rises by less than  0.50 C d u r i n g   t h e  20 kA x 500 

psec  pulse .  

0 

The d ischarge   chamber ,   g lass  vacuum tank   and   a s soc ia t ed  
e l e c t r o n i c s   a r e   p o s i t i o n e d   o n  a t a b l e   i n   t h e   m i d d l e  of a s e p a r a t e  

room a s  shown i n   F i g .  40,  t h u s   g i v i n g   e a s y   a c c e s s  from  every 
d i rec t ion   for   spec t roscopy  and   photography.   Fur thermore ,  the 
connect ion  between the gas   t r i gge red   swi t ch   o f   t he   d i scha rge   ap -  
paratus and  the '*&a11 o u t l e t  of t h e  power supply  network is  made 

by t e n  f l e x i b l e  l o w  inductance  RG14-A/U c o a x i a l   c a b l e s ,  shown 
i n   F i g .  40, Of s u f f i c i e n t   l e i g t h ' t o   a l l o w  the e n t i r e  a c c e l e r a t o r  

. , . . . .  . . -  . . , .  . .  . " .  . 
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assenibly, includin;  the t a b l e , . t o  be r o t a t e d  by up to 93O 
when needed for diagnostic s t u d y  of the discharge .  

Two t y p i c a l  oscillograms of the c u r r e n t   p u l s e  from the 
new pulse  forming  network are d i s p l a y o d   i n   F i g .  41. The upper 
trace, Fig. 41a, shows the 6 kA x 500 psec   pu l se  when t h e  
parallel  netwr r k  i r  i n i t i a l l y  charged t o  1 .7  kV. The droop 
cf the 2 . 9  kA x 2 msec c u r r e n t   p u l s e  from t h e  series network 
i n   P i g .  41b i s  due t o  the r e l a t i v e l y  short time c o n s t a n t ,  

' zz 4 ~.lsec, of the R-C in t eg ra to r   wh ich  w a s  used for record ing  
the s i g n a l  from t h e  Rogowski co i l .  

- Experimental  

P r e v i o u s   s e m i - a n n u a l   r e p c r t s   c o n t a i n e d   t h e   r e s u l t s  of 
d e t a i l e d   e x p e r i m e n t a l   i n v e s t i g a t i o n s  of e i g h t   d i f r c r e n t   i n -  

s u l a t e d  hollow ca thode   conf igura t ions   des igr ,a+-ed  IIC-I t o  
J X - V I I I  . B e f  jre d e s c r i b i n g   r e c e n t  work w i t h  tile new hol low 

c lthode c o n f i g u r a t i o n s ,   d e s i g n a t e d  HC-IX,  X and YJ and sh >wn 
i n   F i g .  42, it  may be wor thwhi l e   t o  recall  the   impor t an t  re- 
s u l t s  of the s t u d i e s  o €  cathodes I t o  VI11 i n   o r d e r  t o  under- 
s t a n d  tlie need for f u r t h e r   a l t e r a t i o n s   o f   t h e   c a t h o d e   g e o m e t r y .  
These f e a t u r e s  are: a) E l e c t r o n  number d e n s i t i e s   i n   e x c e s s  of 
lo1'&" p r e v a i l   i n   t h e   c a v i t y  of t he   hc l low  cc thode ;  b) I t  f i e l d  
f r e e   r e g i o n  w i t h  a weak p o t e n t i a l   g r a d i e n t  of less than 10 V/cm 

e x i s t s   i n  the same r e g i o n  of t h e   c a v i t y  w h e r e  c u r r e n t   d e n s i t i e s  
Of t y p i c a l l y  1500 A/crn2 are c s t r a c t c d  from t h e  w a l l ;  c )  The 
o b s e r v e d   c o r r e l a t i o n  of  axial e lec t r ic  f i e l d  E i n   t n e   i n -  
s u l a t e d   c h a n n e l   w i t h   a r e a  A of  the   insu l .a ted   chanl le l  

l ends   c r edence  t o  the  asst*rnption of c o n s t a n t  e lec t r ica l  conduc- 
t i v i t y   i n   t h e   c h a n n e l  cf LO4 mho/m which  corresponds t o  an elec- 
t r o n   t e m p e r a t u r e   o f  3 t o  4 e l e c t r o n   v o ? - t s  at a n y   s u b s t a n t i a l  
i o n i z a t i o n  level. 

c 
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While these are i n t e r e s t i n g   o b s e r v a t i o n s   t h e y   d o   n o t   y e t  
e s t a b l i s h  a complete set of cri teria for   ho l low  ca thode   opera-  
t i o n .  I n   a n   & f o r t  t o  i d e n t i f y  the p r i n c i p a l   c h a r a c t e r i s t i c s  
o f   ho l low  ca thode   d i scha rges ,  a few a d d i t i o n a l   h o l l o w   e l e c t r o d e  
conf igu ra t ions   have   bEen   cons t ruc t ed  ar.d the i r   pe r fo rmance  
examined i n  t h e   l a b o r a t o r y .  

Ef fec t   o f   Cathode  Material. F igu res  42a and  42b  show the 
previous   tungs ten   ho l low  ca thode  HC-VI11 and  the new s t a i n l e s s  
steel ca thode  HC-IX o f   i d e n t i c a l   c a v i t y   d i m e n s i o n s .  Fcr this 
l a t t e r  e l e c t r o d e ,   t h e   p r o f i l e s   o f   e n c l o s e d   c u r r e n t   c h a r a c t e r i s -  
t ic ,  w e r e  determined. As i n  p r e v i o u s   s t u d i e s ,  a c u r r e n t   o f  7 M 
and  argon  mass flow o f  4 g / s e c   e n t i r e l y   t h r o u g h  the ca thode  
c a v i t y  w e r e  ma in ta ined ,   bu t  now w i t h   t h e   e x t e n d e d   c a p a c i t o r  bank 
t h e   d u r a t i o n  of t h e   d i s c h a r g e  was 0.5 msec i n s t e a d  of 0.2 msec. 
A l l  e x p e r i m e n t a l   s t u d i e s   i n   t h i s   r e p o r t  w e r e  undertaken a t  t h e s e  
d i s c h a r g e   c o n d i t i o n s .  

F o r   t h e   s u r v e y   o f   c u r r e n t   d i s t r i b u t i o n ,   t h e   m a g n e t i c   p r o b e  
was t r a n s l a t e d  a t  a r a d i u s  of 0.8 c m .  The measured  enclosed 
c u r r e n t  p r o f i l e s   f o r   t h e   t u n g s t e n   e l e c t r o d e  HC-VI11 and f o r   t h e  
stair .Less steel e l e c t r o d e  I!=-IX a r e  compared i n  Fig.  43. The 
c u r r e n t  was no rma l i zed   t o   t he  3 kA value  measured a t  t h e  down- 
s t ream  cavi ty   end  at r =  0.8 c m  (0.15 c m  from the c a t h o d e   s u r f a c e ) .  
The r e l a t i v e   c u r r e n t   d i s t r i b u t i o n  i n s i d e  b o t h   c a t h o d e   c a v i t i e s  
is s e e n  t o  be i d e n t i c a l ,   w i t h  more than  90% of tha measured cu r -  
r e n t  a t t a c h i n g   o v e r   t h e   l a s t  l cm of c a v i t y .  The d a t a   f o r   t h e  
s teel  ca thode   ex tend  2 c m  downstream,  exhibit ing a pinch at 
0.3 cm followed  by a r ap id   expansson   o f   t he   cu r ren t   amns t r eam.  

Ax ia l   po ten t i a l   p ro f i l e s   were   de t e rmined   -pe r imen ta l ly  
wi th  a f l o a t i n g  Langmui r   p robe .   ,The   f l oa t ing   pc t t en t i a l   r e l a t ive  
t o   t h e   a n o d e  w a s  s u b t r a c t e d   f r o m   t h e   t e r m i n a l   m l t a g e   s i g n a l  

j 

w i t h   a n   a c c u r a t e i y   b a l a n c e d   d i f f e r e n c e   a m p l i f i e r ,   l e a v i n g   t h e  -4 4 
," 
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f l o a t i n g   p o t e n t i a l   r e l a t i v e  t o  the   ca thode .  The measured 
a x i a l   p o t e n t i a l   p r o f i l e s   f o r   t h e   t u n g s t e n  HC-VI11 and   the  
steel IIC-IX are compared i n  F ig .  43. The c a v i t y  i s  e s s e n t i a l -  
l y   f i e l d - f r e e   u p   t o  1 c m  from i ts  e n d ,   t h e   r e g i o n  of primary 
c u r r e n t   a t t a c h m e n t .   O v e r   t h i s  l as t  1 c m  of t h e   c a v i t y   t h e  
tungs t en   ca thode  shows a small a v e r a g e   f i e l d   o f  a few v o l t s /  
c m ,  w h i l e   t h e  steel  cathode  shows a s l i g h t l y   g r e a t e r   a v e r a g e  
f i e l d   o f  10 V/cm. The d i f f e r e n c e   i n   p o t e n t i a l  increases t o  
approximately 1 5  v o l t s  a t  a n   a x i a l   l o c a t i o n  2 c m  downstream 
of the   ca thode .  

These o b s e r v a t i o n s   c a n  be summarized i n  t h e   s t a t e m e n t  t32t 
the   change   o f   ca thode   ma te r i a l   f rom  tungs t en   t o   s t ee l   p roduces  
only  marginal   changes i n  the   measured   enc losed   cur ren t   and  
p o t e n t i a l   d i s t r i b u t i o n s .  

I n   a d d i t i o n   t o   t h e   s u r v e y s   o f   c u r r e n t   d i s t r i b u t i o n s   a n d  
f l o z l t i n g   p o t e n t i a l s   f o r  HC-VI11 and HC-IX,  t h e i r   v o l t a g e -  
c u r r e n t   c h a r a c t e r i s t i c s   h a v e   a l s o   b e e n   r e c o r d e d   o v e r  a d i scha rge  
c u r r e n t  range  from 2 t o  16 kA. The c h a r a c t e r i s t i c s   a r e  ex- 

h i 5 i t e d  i n  F ig .  44  and a r e  seen t o   c o i n c i d e   w i t h i n   e x p e r i m e n t a l  
e r r o r .  k t  approximately 10 kA b o t h   c h a r a c t e r i s t i c s  show  a 
r e l a t i v e l y   a b r u p t   c h a n g e  i n  t h e i r   s l o p e s .  The n a t u r e  of t h i s  
t r a n s i t i o n  is  no t   be ing   pu r sued   fu r the r  i n  t h e s e   i n v e s t i g a t i o n s  
o f   h o l l o w   c a t h o d e s   a t   t h i s  t i m e ;  t h e   i n t e r e s t e d   r e a d e r  is re- 
f e r r e d   t o   a n   e a r l i e r   d i s c u s s i o n  of s u c h   t r a n s i t i o n s  i n  t h e   s l o p e  
o f   t he   cha rac t e r i s t i c s ,   wh ich   have   been   obse rved   p rev ious ly   fo r  
MPD d i scha rges   w i th   so l id   ca thodes .  146,155 

_.-._._-._ New Hollow .._- "._..___ Cathode ~~- Conf igura t ions .  I n  a d d i t i o n  t o  t h e  
p r e v i o u s l y   r e p o r t e d   r e s u l t s  of t h e   s t u d i e s   w i t h   t h e   h o l l o w  
c a t h o d e   c o n f i g u r a t i o n s  KC-I through H C - V I I I ,  two new conf igu ra -  
t i o n s   d e s i g n a t e d  HC-X and HC-XI, shcwn in   F ig .   42 ,  w e r e  manu- 
f a c t u r e d   a n d   t h e i r   o p e r a t i o n   i n v e s t i g a t e d  i n  t h e   l a b o r a t o r y .  
The c a v i t y   c o n f i g u r a t i o n s  were c h a n g e d   s i g n i f i c a n t l y   i n   t h e s e  
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t w o  models i n   o r d e r  t o  observe  -4ifferences i n  t h e   c h a r a c t c r i s -  
. t i c  f e a t u r e s   o f   c u r r e n t   a n d   p o t a t i s L   d i s t r i b u t i o n s  which 

d i s t i n g u i s h   t y p i c a l  hollow c a t h g d e   o p e r a t i c n  from d i s c h a r g e s  
w i t h  s o l i d   c a t h o d e s .  

I n   b o t h   o f  these ca thodes  the diameter of t h e   o r i f i c e  i n  
the   f ace   o f   t he   ca thode   and  the diameter   o f  the ups t ream  en t -   &ance  
to t h e   c a v i t y ,  as w e l l  as t h e   l e n g t h   o f  the e l e c t r o d e   h a v e   b e e n  
r e t a i n e d  as t hey  w e r e  i n  t h e   p r e c e d i n g   c o n f i g u r a t i o n s ,  KC-VI1 
t o  HC-IX. However, the p r e v i o u s l y   c y l i n d r i c a l   c a v i t y  now t a k e s  
t h e   s h a p e   o f  a r i g h t   c i r c u l a r   c o n e   w i t h  a h a l f   a n g l e  of loo i n  
HC-X, w h i l e   t h e   c a v i t y  of: HC-XI i s  formed  by a s h a l l o w   c o n i c a l  
chamfer  of 45O h a l f - a n g l e ,   f e d   b y   t h e   u p s t r e a m   o r i f i c e   t h r o u g h  
a r e l a t i v e l y   n a r r o w ,   s l i g h t l y   e x p a n d i n g  ( 2') channel.  'heae  two 
c o n f i g u r a t i o n s  may be c o n s i d e r e d   a s   s t e p s   i n   t h e   t r a n s i t i o n  
from a hol low  ca thode   wi th  a c y l i n d r i c a l   c a v i t y   t o  a compact 
e l e c t r o d e   w i t h  a f l a t   f a c e .   F u r t h e r m o r e ,   t h e   c u r r e n t :   d i s t r i -  
b u t i o n  i n  c o n i c a l   c a v i t i e s  of i nc reas ing   ha l f - ang le s   can  be 
expec ted   to   conta in   decreas ing   components  of r a d i a l   c u r r e n t  
d e n s i t y   i f   t h e   a t t a c h m e n t  a t  t h e   e l e c t r o d e   c a v i t y   w a l l  is 
assumed t o  remain  normal t o  it. E x c l u d i n g   t h e   t h i n   c a t h o d e   f a l l  
r eg ion ,  t h i s  assumption of normal  attachment may be j u s t i f i e d   b y  
the   h igh   Conduc t iv i ty  of steel  and  tungsten,  1.3 x 10 mhos/m and 
2 X 10 mhos/m respec t ive ly ,   which   exceeds   by  a t  l e a s t  two o r d e r s  
of magn i tude   t he   e s t ima ted   p l a sma   conduc t iv i ty   i n  the c a v i t y   o f  
10 mhos/m. T h e r e f o r e ,   i f  the p lasma  conduct iv i ty  i s  s c a l a r ,  
t h e n   t h e   c u r r e n t   a t t a c h m e n t  can indeed be assumed narmal. 

6 
7 

4 

With   smal le r   rad ia l   cur ren t   components  a d e c r e a s e d   a x i a l  
component of the   Loren tz   body   fo rce  i s  t 3 e n   a v a i l a b l e   t o   r e t a r d  
the  plasma  f low i n  t h e   c a v i t y .  "he c u r r e n t  and p o t e n t i a l   p r o -  
f i l e s   f o r   h o l l o w   c a t h o d e s  HC-X and HC-Xt a r e   t h e r e f o r e   e x p e c t e d  
t o   e x h i b i t  a r e d i s t r i b u t i o n  of c u r r e n t s  and p o t e n t i a l s  a con- 
sequence   o f   t he   dec reased   r e t a rda t ion  of the  plasma flow. The 
magnetic f i e l d  w a s  surveyed  with a small maanet ic   probe of 
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s 0.3 c m  diameter c o n t a i n i n g  56 t u r n s  of 8 3 8  wire, and a 
s ingle   Langmuir   probe was used  t o  r e c o r d   t h e   f l o a t i n g   p o t o n -  
t i a l .  The r e s u l t s  of these   expe r imen t s  are p resen ted   and   d i s -  

c u s s e d   i n   t h e   f o l l o w i n g   p a r a g r a p h s .  

me magnet ic   probe  survey of ca thode  =-X wa5 c a r r i e d  

o u t  i n   s t e p s  of 0.1 cm,  and i n   r e g i o n s  of l a r g e   g r a d i e n t s   i n  
0.05 e m  s t e p s ,   o v e r  an a x i a l   e x t e n t  froin -0.5 c m  t o  + 1.0 c m  
and at radial pos i t i ons   f rom 0.5 c m  t o  0.95 cm. The f l o a t i n g  
p o t e n t i a l  w a s  m c a s u r e d   o n   t h e   c a v i t y   c e n t e r l i n e .   F i g u r e  45 
c c m p a r a s   e n c l o s e d   c u r r e n t   a n d   f l o a t i n g   p o t e n t i a l   p r o f i l e s  of 
HC-X w i t h  t h o s e  of HC-IX, reproduced  from  Fig.  43. The ou t -  
l i n e  o f  the two e l e c t r o d e s  i s  s k e t c h e d   i n   t h e   t o p   r i g h t   o f  
Fig.  45 f o r   r e f e r e n c e .  

Looking f i r s t  a t  t h e   c u r r e n t   d i s t r i b u t i o n ,   t h e   o r i g i n   o f  
the s b s c i s s a  is the  downstream end of th .e   cavi ty ,   where the 
n o r m a l i z a t i o n   c u r r e n t   o f  3 kA was measured.  Because  of  the 
0.3-cm p robe   d i ame te r ,   t he   c loses t   poss ib l e   app roach   o f  the 
p r o b e   t o   t h e   c a v i t y   s u r f a c e  w a s  0.15 cm. The d i s t r i b u t i o n s  
i n   F i g .  45 were o b t a i n e d   a t   t h i s   l o c a l  maximum r a d i u s .  It i s  
s e e n   t h a t   t h e   d i s t r i b u t i o n  of c u r r e n t  attachment i n  these two 
e l e c t r o d e s  i s  p r a c t i c a l l y   i d e n t i c a l   w i t h i n   e x p e r i m e n t a l   e r r o r ,  
i.0. the   change  of t h e   c y l i n d r i c a l   c a v i t y   c o n f i g u r a t i o n   t o  
t h a t  of a loo cone   has   no   r ecogn izab le   e f f ec t  on t h e   c u r r e n t  
d i s t r i b u t i o n .  

The e n c l o s e d   c u r r e n t  and  f l o a t i n g   p o t e n t i a l   p r o f i l e s  
f o r  HC-XI w i t h   t h e  45O chamfered   cav i ty  were s i m i l a r l y  de- 
t e rmined  and are shown i n   F i g .  46, aga in   w i th   t he   co r re spond ing  
p r o f i l e s  of iiC-IX. I t  should be rioted i n  t h i s   f i g u r e   t h a t   t h e  
e n c l o s e d   c u r r e n t  i s  p l o t t e d   w i t h   t h e   c o o r d i n a t e  y as abscissa. 
T h i s   c o o r d i n a t e  Y, which i s  i n d i c a t e d  in the   succeed ing   F ig .  
47, i s  a g a i n   t h e   l i n e  of c l o s e s t   a p p r o a c h   o f   t h e   m a g n e t i c   p r o b e  
t o   t h e   c a v i t y   s u r f s c e  (0.15 The c u r r e r . t   p r o f i l e  of H c - 1 ~  is  
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normal ized   wi th  3.0 kA as b e f o r e  w h i l e  t h a t   o f  HC-XI is nor- 
mal ized  wit.h 45 kA, which i s  the value  measured a t  approxi-  
mate ly  0.05 cm from the o r i g i n   o f  the c o o r d i n a t e  Y. 

The e n c l o s e d   c u r r e n t   p r o f i l e  of HC-XI i n  Fig.  46 is  soen 
to decrease a p p r o x i m a t e l y   l i n e a r l y  at a slightly more r a p i d  
rate than HC-SX a n d   t h e n   t o  start l e v e l l i n g   o f f  beyow3 Y = 0.4 

cm. 
The l i n e a r   p o r t i o n   i n d i c a t e s  eq-ual e n c l o s e d   c u r r e n t  in- 

crements  for equal increments  OF t h e   s u r t a c e  coordinate Y. 
However, b e c a u s e   t h e   c o n i c a l   s u r f a c e  area increments  are de- 
c r e a s i n g  as Y i n c r e a s e s ,   t h e   l o c a l   c u r r e n t   d e n s i t y , m u s t  be 
i n c r e a s i n g .  The c u r r e n t   d e n s i t y   t h u s  reaches a maximum and 
then drops  as the e n c l o s e d   c u r r e n t  profile l e v e l s  off a t  l o w  
c u r r e n t   v a l u e s .  A p l o t  of the entire enc losed   cu r ran t  pattern 
f o r  X-Z, Fig.  47, shows t h i s  maximum c u r r e n t   d e n s i t y  E S  a 
bunching o f  the e n c l o s s d   c u r r e n t   c o n t o u r s   o n   t h e  45O probing 
su r face .  The enclosed c u r r e n t   c o n t o u r   p a t t e r n  for KC-X, aiao 
p r e s e n t e d  for comparison i n  Fig. 47, does not show a pronounced 
maximum because of i t s  small 10 c o n i c a l   a n g l e .  The cause and 
s i g n i f i c a n c e   o f   t h i s   c u r r e n t   d e n s i t y  maximum o n   t h e   f a c e  of t h e  
c o n i c a l   c a t h o d e  HC-X are no t   ye t   unde r s tood .  

0 

! 

i 
i 
I 
I 
! 

R e f e r r i n g   b a c k   t o   F i g s .  45 and 46, t h e   a x i a l   f l o a t i n g   p o t e n -  
t i a l  p r o f i l e s   r e l a t i v e   t o   t h e   c a t h o d e  are p r e s e n t e d   f o r  HC-X and 
EC-XI t o g e t h e r   w i t h   t h e   p r o f i l e   f o r  HC-IX. =-X show8 i n  i t 5  

l o n g   c a v i t y  a p o t e n t i a l   p l a t e a u   o f  30 v o l t s ,   w h i l e  =-X shows 
a s h o r t  potential plateau of a mere 4 v o l t s   i n  Lhe upstream 
p o r t i o n  of the   na r row  cav i ty .  More d e t a i l 4   p o t e n t i a l  measure- 3 

ments  are r e q u i r e d  i n  o r d e r   t o   e s t a b l i s h   t h e   s i g n i f i c a n c e  of i 
t h e s e   f e a t u r e s .  

4 

i 

f 
4 
d 

Fol lowing   these  tests wi th   o the r   geomet r i e s ,   one   ca thode  $ 

has been selected for a. more d e t a i l e d  series o f   d i a g n o s t i c  tests. :{ 
c 
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Because gemetry does not appsar to be a major factor i n  
a l t e r i n g  the key features of the current and potential dies- 
t r ibut ione ,  the cathode design selected was s i m i l a r  to 
HC-VIfIe i - e . ,  one w i t h  a large constant dizmeter c a v i t y  
making it most  accessible for probing. Detailled current 
dena i ty  and p o t e n t i a l  surveys arc now underway over a wide 

'rezlge of operating csnditiona w i t h  a refractory i n s u l a t o r  
coated version of this cathode. ,: . 
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